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Abstract 

Selective oxidation reactions are fundamentally important to the chemical industry. 

Value-added products and intermediates for fine chemical synthesis can be obtained 

via liquid phase selective oxidation of primary chemicals such as hydrocarbons and 

alcohols. Current reaction methods usually rely on precious or hazardous metal-based 

catalysts, employing either inert oxygen gas or explosive peroxides as oxidant. 

Attention is still required for the development of facile and environmentally benign 

routes for selective oxidation processes. Carbon-based materials can perform as green 

and recyclable catalysts in various oxidation reactions. Peroxymonosulfate (PMS), as 

a stable oxidant, can be activated by a broad variety of catalysts under mild conditions 

and subsequently oxidize organics. Recent applications of the activated PMS mainly 

focused on the degradation of aqueous contaminants, whereas its potential in selective 

oxidation reactions was rarely explored. This study focuses on tuning the activation 

process of PMS with carbo-catalysts to provide an alternative approach for liquid 

phase selective oxidation of hydrocarbons and alcohols into their corresponding 

aldehydes and ketones. 

In the first part, the feasibility of adopting PMS for selective oxidation of benzyl 

alcohol (BzOH) was tested, using modified carbon nanotubes (CNTs) as the catalyst. 

Thermal annealed o-CNTs were equipped with electrophilic oxygen species and 

nucleophilic carbonyl groups, which could induce the generation of radicals from PMS 

via the electron transfer between PMS and CNTs. The catalytic roles of the active sites 

were identified by both designed experiments and theoretical calculations. The 

optimized reaction system could afford the selective oxidation of BzOH into 

benzaldehyde (BzH) with over 80% selectivity via the radical pathway. 

In the second part, nitrogen-doped graphene oxide (NGO) was prepared from graphite 
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to enable the selective oxidation with higher efficiency. The NGO catalyst contained 

abundant dual active sites of pyridinic N and ketonic C=O to oxidize BzOH through 

joint contributions of radical and non-radical routes. The non-radical pathway was 

enabled by the mediated electron transfer via the surface coordinated complex and was 

more selective in yielding BzH compared with the highly oxidative radicals. Over 96% 

BzOH conversion and 82% BzH yield were achieved within 3 hours at 50 ºC. The 

oxidation behaviour of BzOH and BzH was investigated to enrich the scientific 

understandings towards the oxidation pathways in the reaction system. 

The third part of this thesis describes a metal-free method for the synthesis of N-doped 

graphene-like carbon (NG) catalyst without producing hazardous wastes. The addition 

of nitrate salts facilitated the formation of thin-layered graphene sheets and the 

generation of electrophilic oxygen species which were active sites to produce radicals 

from PMS. Non-radical oxidation process was also observed during the reaction. The 

NG activated PMS was efficient in the highly selective conversion of aromatic 

alcohols including BzOH and 1-phenylethanol into BzH and acetophenone, 

respectively. 

In the last part, single cobalt atoms were doped on carbon materials including graphene 

and g-C3N4 substrates to derive robust single atom catalysts (SAC) for PMS activation. 

The atomically dispersed Co atoms were chemically coordinated with N atoms on 

carbon materials and exhibited excellent catalytic activity and high stability in the 

selective oxidation of BzOH and ethylbenzene. The corresponding yield of BzH and 

acetophenone over the Co SACs could reach 84.7% and 93.2%, respectively, superior 

to the Co nanoparticles and precious metal catalysts.  

In summary, this thesis paves an alternative way for liquid phase selective oxidations 

of alcohols and hydrocarbons by carbo-catalysts activated PMS under mild conditions 

without additives. In-depth understanding of the catalysis and oxidation processes was 

unveiled for the future application of this system in organic synthesis. 
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Chapter 1  Introduction 

1.1 Background 

Selective oxidations contain a wide variety of reactions and constitute around 30% of 

the total synthetic chemical industry.1 The oxidation products such as alcohols, ketones, 

aldehydes, organic acids and epoxides serve as crucial chemicals or intermediates in 

almost all chemical industry branches, including synthesis of polymers, 

pharmaceuticals, etc. The fundamental importance of selective oxidation to the current 

industry and its intimate relation to the human society have triggered vast research 

interest since 1960s. After decades of scientific and industrial development, various 

research strategies have been proposed for selective oxidation reactions, especially the 

conversion of alcohols and hydrocarbons into the corresponding ketones, aldehydes 

and organic acids.2-3 A key challenge for the current selective oxidation process is to 

establish green and environmental-benign route with high reaction efficiency and the 

minimized non-selective by-products such as CO2. 

Traditional selective oxidation reactions employ stoichiometric oxidants such as 

dichromate and permanganate, which are still used in some fine chemical synthesis. 

However, these oxidants are expensive and produce toxic and hazardous wastes. 

Another oxidant, the oxidizing acid HNO3, suffers from similar issues releasing the 

undesired NOx during the selective oxidation reactions.4 Liquid peroxides have also 

been widely applied for the selective oxidations and epoxidation reactions.5-7 

Hydrogen peroxide and tert-butylhydroperoxide (TBHP) are active oxidants with 

weak O–O bonds ready to be activated, but they are unstable and explosive, resulting 

in the inconvenience for both transportation and storage and causing safety issues. The 

direct use of oxygen gas or air as terminal oxidant receives the most research efforts 

nowadays because this process not only reduces the cost but also avoids the 
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environmental concerns. However, O2 is the least active oxidant compared with others 

because of its triplet ground state structure, especially when reacting with 

hydrocarbons. Therefore, the oxidation is performed with excess energy input to 

activate the inert O2 molecules. Measures such as high reaction temperature, photo-

catalysis, electro-catalysis and extra additives/co-catalysts are usually taken into 

account for this purpose.  

For the catalytic activation of the oxidants, pursuing novel catalysis processes to 

satisfy the increasing demand of high reaction efficiency, robust catalytic performance, 

facile separation and environmentally benign reagents is always at the core of the 

research on liquid phase selective oxidation. In this context, the selective oxidations 

can be divided into homogeneous and heterogeneous catalysis processes. 

Homogeneous catalytic reactions normally hold high reactivity because the reactants 

and catalysts are in the same phase, but the catalyst separation and recycling are the 

intractable problems. Heterogeneous catalysts include noble-metal or transition-metal 

based catalysts and metal-free catalysts.3, 8-9 Metal-based catalysis inevitably suffer 

from issues like high cost, environmental toxicity, metal-leaching and deactivation 

during the reaction. In contrast, carbon-based materials are extensively studied over 

the past years, not only because they perform as multi-functional supports for the 

embedded metal complexes, but also exhibit inherent catalytic activity owing to their 

high specific surface area, unique electronic properties and tunable surface 

chemistry.10-11 Carbo-catalysts are sustainable substitutes towards metal catalysts, but 

the sophisticated understanding of their intrinsic catalytic behaviour still exists as the 

major challenge due to the complicated surface functionalities and morphology. 

Peroxymonosulfate (PMS, HSO5
-) is a soluble solid oxidant.12 Compared with the 

aforementioned oxidants, PMS is cheap, stable and environmentally benign, and has 

been applied as a promising oxidant for the degradation of the organic pollutants in 

water via advanced oxidation processes (AOPs). A wide variety of carbon catalysts 

have been reported to effectively activate PMS to mineralize the target organics, 
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including carbon nanotubes, graphene, nanodiamonds, porous carbon, etc.13 Various 

oxidative oxygen species such as SO4
•−, •OH, SO5

•−, O2
•− and 1O2, can be generated 

through the catalytic activated PMS to non-selectively oxidize the organic chemicals. 

Non-radical based process enabled by the surface adsorbed complex and mediated 

electron transfer also exists in PMS activation, which makes the oxidation by PMS 

more selective.14 The activation of PMS is conducted without the need of high reaction 

temperature or any homogeneous additives and can be adapted to wide range of 

reaction pH. However, the catalytic activated PMS is rarely applied to the selective 

oxidation reactions for organic synthesis. The oxidation behaviour of many substrates 

including alcohols and hydrocarbons towards heterogeneous catalysts-activated PMS 

is still unknown. This provides opportunities to expand the application of carbo-

catalysis activated PMS to selective oxidation reactions through the engineering of 

reaction method and catalyst design. 

1.2 Research Objectives 

This thesis aims to enable the selective oxidation of substrates such as alcohols and 

hydrocarbons to yield the industrial demanding products by carbo-catalysts activated 

PMS oxidant. This research dedicates to both the development of highly efficient 

carbo-catalysis and the insight into the mechanism of the catalysis and oxidation 

behaviour. The specific objectives of this thesis include: 

o To investigate the feasibility of liquid phase selective oxidation with catalytic 

activated PMS using benzyl alcohol and carbon nanotube as the benchmark 

alcohol reactant and carbo-catalyst; 

o To optimise the reaction method for selective oxidation by studying the effects 

of solvent, temperature, reaction time, catalyst loading and reactant 

concentration on the product yield and selectivity; 

o To develop novel carbo-catalysts with advanced activity in PMS activation; 
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o To reveal the reaction mechanism of the catalytic activation of PMS and the 

subsequent selective oxidation; 

o To unveil the effect of different heteroatoms on the catalytic performance of 

the carbo-catalysts; 

o To identify the effect of different reaction pathways (radical and non-radical 

routes) towards the reaction efficiency and selectivity; 

o To exhibit the reaction behaviour of different reactants (alcohols and 

hydrocarbons) towards the carbo-catalyst/PMS system. 

1.3 Thesis Outline 

This thesis contains seven chapters according to the specific objectives as listed above. 

Each chapter is outlined below: 

Chapter 1: Introduction  

This chapter outlines the current development of selective oxidation from the 

viewpoints of oxidants and catalysts, listing the advantages and shortcomings of the 

present reaction systems and the potential of applying catalytic activated PMS in 

selective oxidation. The objectives and thesis outlines are also presented. 

Chapter 2: Literature review  

This chapter introduces the typical liquid phase selective oxidation reactions with 

common research interest from the up-to-date literatures. The development of the 

reaction methodology of selective oxidation including oxidants and catalysts is 

provided. The catalytic activation of PMS is also summarised in this chapter. 

Chapter 3: Understanding of oxidation behaviour of benzyl alcohol by 

peroxymonosulfate via carbon nanotubes activation 
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This chapter reports the pilot study of activated PMS oxidant in the selective oxidation 

of benzyl alcohol (BzOH) into benzaldehyde (BzH) with carbon nanotube (CNT) 

catalysts. The modified CNT and the optimized reaction conditions can induce the 

generation of proper concentrations of radicals from PMS and endow the selective 

oxidation of benzyl alcohol. The active sites for PMS activation are identified with 

experimental observations and DFT calculations. 

Chapter 4: Tailoring collaborative N-O functionalities of graphene oxide for 

enhanced selective oxidation of benzyl alcohol 

This chapter presents the N-doped graphene oxides (NGO) activating PMS for highly 

efficient oxidation of BzOH to BzH. The catalytic roles of pyridinic N and carbonyl 

functionalities as dual active sites are identified. The oxidation behaviour of BzOH 

and BzH in the oxidation reactions is also studied to gain in-depth understanding of 

the reaction process.  

Chapter 5: Selective oxidation of alcohols by graphene-like carbon with 

electrophilic oxygen and integrated pyridinic nitrogen active sites 

This chapter provides a metal-free synthesis method of N-doped graphene-like carbon 

and its catalytic activity in selective oxidation of different alcohols with activated PMS. 

The active sites and reaction mechanism are determined by designed experiments. 

Chapter 6: Cobalt single atom catalysts on carbon supports for highly efficient 

selective oxidations with activated peroxymonosulfate 

Part 1: Cobalt single atoms embedded in nitrogen-doped graphene for selective 

oxidation of benzyl alcohol by activated peroxymonosulfate 



Chapter 1 

6 

This part presents the synthesis of single atom catalyst with atomically embedded Co 

atoms on graphene support used as excellent catalyst for selective oxidation of BzOH 

with PMS. The atomically dispersed Co atoms are well characterized by sophisticated 

techniques. The chemically bonded Co atoms on graphene are robust active sites to 

activate PMS via both radical and non-radical sites. 

Part 2: Atomically dispersed cobalt on graphitic carbon nitride as robust catalyst for 

selective oxidation of ethylbenzene by peroxymonosulfate 

This part reports the successful synthesis of Co based single atom catalyst on carbon 

nitride. The Co atoms are coordinated with N atoms to form highly stable 

configurations to produce radicals from PMS which can induce the highly efficient 

oxidation of ethylbenzene into acetophenone. 

Chapter 7: Conclusions and recommendations 

This chapter summarises the major findings in this thesis and recommendations for 

further research related to this area. 
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Chapter 2  Literature Review 

2.1 Introduction 

Selective oxidation is one of the most important processes in chemical industry, 

producing millions of tons of intermediates for the manufacture of fine chemicals and 

diverse commodities. Selective oxidation, or artificial partial oxidation, is the second 

largest industrial reactions following polymerization.1 Due to the increasing demand 

of the widely used products of selective oxidation, immense research has been devoted 

to this area since the latter part of last century. A crucial objective for selective 

oxidation study is to pursue greener and more sustainable reaction processes. The basis 

is on the engineering of the oxidation system with mild conditions, facile operation, 

cost-effective and clean oxidants, and catalysts that are highly efficient, 

environmentally benign, and easily recyclable. Beyond that, the selectivity of the 

oxidation system is also a major concern, aiming to avoid over-oxidizing the product 

into the undesired CO2, to satisfy the requirement of green chemistry. Liquid phase 

selective oxidation includes various industrial relevant processes, such as the selective 

oxidation of alcohols, aromatic hydrocarbons, epoxidation of olefins, etc.2 The use of 

stoichiometric noxious oxidants such as sodium bromate, dichromate, lead tetraacetate 

and permanganate still exists in the industrial synthesis of fine chemicals,3 which 

inevitably produces a great amount of non-recyclable wastes and by-products. Metal-

based catalysts can afford high activity and high selectivity towards the target products. 

Nevertheless, homogeneous catalysts cause separation and recycling problems, and 

heterogeneous catalysts suffer from metal leaching, deactivation or high cost of the 

noble metals. 

Carbo-catalysts, dominantly composed of the earth-abundant element C, are among 

the most promising non-metallic catalysts which undergo fast development in the 
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recent decades. Nanocarbon materials are increasingly used in various catalytic 

reactions owing to the nanoscale features with tailored functional properties.4 In liquid 

phase selective oxidations, the process-tailored carbo-catalysts cast very dynamic and 

active performances. The modification of nanocarbon catalysts with heteroatoms-

doping and structure engineering enables their successful application in activating 

most of the oxidants, such as oxygen gas, hydrogen peroxide and tert-butyl 

hydroperoxide, which are the most frequently used oxidants in recent research of liquid 

phase selective oxidations. Besides, carbo-catalysts are extensively employed in the 

activation of peroxymonosulfate (PMS) to deliver highly oxidizing reaction system for 

the degradation of organic contaminants in wastewater, based on the proposed radical 

or non-radical oxidation mechanism. Though PMS has already been reported to endow 

the liquid phase selective oxidation reactions, however, PMS reacts with homogeneous 

additive chemicals such as ketones or halides to form the actual oxidizing species like 

dioxirane or hypohalous acid. The direct use of heterogeneously catalyzed PMS in 

selective oxidation can simplify the reaction process and get rid of the homogeneous 

additives, but this practice has scarcely been performed. 

This chapter contains the basic knowledge of selective oxidation reactions, dominantly 

focusing on the C-H bond activation in hydrocarbons and selective oxidation of 

alcohols (section 2.2). These two reactions are investigated as benchmark reactions in 

the next chapters for the pilot study of catalytic activated PMS in liquid phase selective 

oxidations. The oxidants and catalysts for liquid phase selective oxidations are 

summarised (section 2.3). In addition, the catalytic activation of PMS is reviewed 

(section 2.4). In the end, the potential of applying carbo-catalysis activated PMS in 

selective oxidation reactions is outlined. 

2.2 Liquid phase selective oxidation 

The liquid phase selective oxidations cover a broad range of reactions with diverse 
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oxidation substrates.5 This section introduces two major kinds of reactions, namely the 

selective oxidation of alcohols into aldehydes/ketones and the C-H bond activation in 

hydrocarbons. 

2.2.1 Selective oxidation of alcohols 

Selective conversion of alcohols to produce aldehydes or ketones is a fundamental 

liquid phase selective oxidation reaction.6 The products are highly valued precursors 

in the manufacture of pharmaceuticals, dyes, perfumes and plastic additives. The 

partial oxidation of primary alcohols will generate aldehydes and the selective 

oxidation of secondary alcohols can produce ketones. In this part, several classes of 

alcohols of both academic and industrial interest are selected as illustrative examples 

to provide a brief concept of the current development of the selective oxidation of 

alcohols.  

2.2.1.1 Benzyl alcohol 

Benzyl alcohol (BzOH) is a reactive aromatic alcohol and its oxidation into 

benzaldehyde (BzH) has been extensively investigated as a model reaction of liquid 

phase selective oxidation. The oxidation process of BzOH is depicted in Figure 2-1(1). 

BzOH oxidation has frequently been used to probe the efficiency of catalysts because 

the reaction produces very limited by-products as the structure of BzH is free from 

enolization. Therefore, in most of the reactions only BzH and benzoic acid are detected 

as organic products. Both O2 and liquid peroxides are adopted to accomplish the 

selective oxidation of BzOH. Interestingly, the BzH selectivity is high in most of the 

reported studies by O2 with very little benzoic acid formed, even though BzH is highly 

oxidisable and readily suffers from autoxidation at ambient temperature.7 Sankar et al. 

explained this paradox with designed experiments and electron paramagnetic 

resonance (EPR) techniques, showing that the presence of BzOH even at very low 

concentration, could effectively prevent the oxidation of BzH.7 This is because the α–
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H in BzOH is very active towards radicals while the BzH oxidation is a radical based 

chain reaction, thus the unreacted BzOH performs as an inhibitor to intercept the 

autooxidation of BzH. A broad variety of reaction systems have been developed for 

the highly efficiency oxidation of BzOH, and the highest reported BzH yield reached 

99%.8  

 

Figure 2-1 Scheme of selective oxidation of typical alcohols. 

2.2.1.2 Ethanol & Octanol 
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Ethanol and octanol are two of the most explored aliphatic alcohols. Ethanol is an 

abundant liquid fuel produced from biomass. The oxidation of ethanol, as displayed in 

Figure 2-1(2), could yield acetic acid which are building blocks for the manufacture 

of synthetic fabrics and fibers, and the synthesis of vinyl acetate. In addition to acetic 

acid as the dominant products, a series of by-products are also detected during the 

oxidation of ethanol, including acetaldehyde, ethyl acetate and CO2. The existence of 

acetaldehyde confirms that the acetaldehyde is the intermediate during the formation 

of acetic acid. A 95% acetic acid yield could be obtained over Au/TiO2 catalysts with 

O2 as reported by Jorgensen et al.9 Studies indicate that the composition of products is 

tunable by adjusting the reaction conditions, for instance, increasing the ethanol 

concentration will facilitate the generation of ethyl acetate.  

The selective oxidation of octanol includes primary 1-octanol and secondary 3-octanol 

(Figure 2-1(3) and (4)). The oxidation of 1-octanol can lead to the formation of octanal 

and octanoic acid while the oxidation of 3-octanol produces 3-octanone. Compared 

with ethanol, octanol is less active to be oxidized and the conversion of octanol is 

usually low. Therefore, this reaction can be used to evaluate the advanced catalytic 

performance of catalysts, such as precious metal-based catalysts.10 The addition of 

base, e.g., NaOH, is speculated to enable the H extraction and thus can improve the 

reaction rate, whereas the reaction cannot occur at low temperature without base 

additives.10-11 For the oxidation of 1-octanol, the added base can also alter the product 

composition, leading to higher selectivity towards octanoic acid.10 

2.2.1.3 Glycerol 

Glycerol is the major by-product during the production of biodiesel and is produced in 

large scale. However the use of raw glycerol from biodiesel is limited and the selective 

oxidation of glycerol into its higher valued derivatives is highly favoured in the 

biodiesel economics. Glycerol contains three hydroxyl groups, resulting in a series of 

products according to different oxidation level as presented in Figure 2-1(5).12 Due to 
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this, glycerol is used as a model chemical with poly alcohols in one molecule for the 

study of the complex oxidation processes. There are two primary alcohol groups and 

one secondary alcohol group in one glycerol molecule, hence the oxidation of glycerol 

can derive aldehydes, ketones and acids (glyceraldehyde, dihydroxyacetone and 

glyceric acid). Furthermore, the cleavage of C-C bond may also occur in the oxidation, 

leading to the formation of glycolic acid, oxalic acid and formic acid. The oxidation 

extent of glycerol heavily relies on the catalysts and reaction conditions, especially the 

pH value of the oxidation environment greatly influences the selectivity of products.  

2.2.2 Selective oxidation of C-H bonds 

Activation of C-H bonds in hydrocarbons to produce alcohols or ketones is of great 

importance in petroleum industry, especially for the industrial production of synthetic 

resin, fiber and rubber. Owing to the high activation energy of the inert C-H bond, the 

oxidation of hydrocarbon is usually performed at harsh conditions, and the over-

oxidation is easy to happen to produce CO2. Therefore, hydrocarbon oxidation via 

selective functionalization is among the most challenging tasks in chemical industry. 

For catalytic oxidation of hydrocarbons, it has been widely accepted that the oxidation 

occurs via radical chain reactions, and the key step is the activation of oxidants by 

catalysts. In this section, three hydrocarbons are taken as examples for the description 

of the C-H bond activation. 
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Figure 2-2 Scheme of selective oxidation of typical hydrocarbons. 

2.2.2.1 Ethylbenzene 

Ethylbenzene is a relatively active aromatic hydrocarbon compared with the other 

stubborn hydrocarbons. The α-C–H bond in ethylbenzene is easier to be activated than 

the β-C–H bond. Therefore, the activation of ethylbenzene molecules usually happens 

at the benzylic α-C–H bond, forming benzylic radicals by the activated oxidizing 

species and making acetophenone the dominant product in ethylbenzene oxidation 

reactions (Figure 2-2(1)). Homogeneous catalysis and heterogeneous catalysis by 

metal-catalyst and carbon-based catalysts have been reported for ethylbenzene 

oxidation. For O2 based oxidation, high temperature and pressure are normally 

required to gain a moderate reaction rate.13 Environmentally benign liquid peroxides 

are also frequently reported for the oxidation of ethylbenzene and presented higher 

efficiency than O2 operated at milder conditions.14  

2.2.2.2 Toluene 
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Toluene is another alkyl-substituted arene and is the most important aromatic 

hydrocarbon. The selective oxidation of toluene can produce benzyl alcohol or 

benzaldehyde as seen in Figure 2-2(2). Industrial oxidation of toluene relies on the use 

of heavy metal catalysts and the reaction is performed at temperatures higher than 200 

ºC. The reported toluene oxidation with strong oxidants such as H2O2 is also conducted 

at high temperature (e.g., 150 ºC).15 Furthermore, the extent of toluene oxidation is 

hard to control, easily leading to the over-oxidation product of benzoic acid rather than 

the desired benzyl alcohol and benzaldehyde.16 Therefore, in order to attain high 

selectivity towards benzyl alcohol or benzaldehyde, the toluene conversion is kept at 

a low level. The highly efficient, selective, and environmentally benign process of 

toluene oxidation is still demanded. 

2.2.2.3 Cyclohexane  

Cyclohexane is a typical cycloalkane. The yielded products after selective oxidation 

include cyclohexanol, cyclohexanone and adipic acid, which are important materials 

for the fabrication of nylon polymers (Figure 2-2(3)). The aerobic oxidation of 

cyclohexane is often carried out at temperatures higher than 100 ºC via a radical chain 

autooxidation mechanism.17 Homogeneous and heterogeneous transition metal-based 

catalysts are frequently adopted for liquid phase partial oxidation of cyclohexane. Like 

the other hydrocarbons, the major challenge for the selective oxidation of cyclohexane 

is the controllable synthesis of alcohol and ketone products instead of the further 

oxidation product of acid.18  

2.3 Methodology of selective oxidation  

The engineering of selective oxidation process towards higher reaction efficiency with 

mild condition, greener oxidants, and sustainable catalysts is never outdated in both 

industrial and academic perspectives. The evolution of oxidants and catalysts is at the 
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core of the development of liquid phase selective oxidations. With the increasing 

worldwide concern on environment protection, environmentally benign oxidants 

coupled with heterogeneous catalysts are highly valued by the researchers to replace 

the traditional homogeneous oxidation processes that heavily depend on toxic and 

expensive oxidants and catalysts. The oxidants include liquids (e.g., H2O2, TBHP), 

soluble solids (peroxymonosulfate, peroxydisulfate) and gases (e.g., O2, O3). The 

catalysts cover a broad variety of functional materials, from the soluble 

precious/transition metal complex with ligands, supported metal particles, to the 

metal-free carbo-catalysts. Basically, thermal heating is required as the only external 

energy input in liquid phase selective oxidations to accelerate the reaction activity. 

Sometimes additives or co-catalysts such as HNO3 is introduced to obtain higher 

reaction efficiency. 

In addition, photo-catalysis is also extensively studied for liquid phase selective 

oxidations, but it is beyond the scope of this chapter. This chapter focuses on the review 

of selective oxidations with thermal heating as the only extra energy. 

2.3.1 Oxidants in selective oxidation 

2.3.1.1 Conventional stoichiometric oxidants 

Stoichiometric high-valent metal oxidants are usually used in liquid phase selective 

oxidation reactions. For instance, dichromate (Cr2O7
2-) and permanganate can be used 

for the selective oxidation of alcohols to aldehydes and ketones in both laboratory and 

industry scale.19-20 These oxidants are highly active as oxygen donor for alcohols, even 

without catalysts. It’s reported that 80% of BzH yield could be obtained from the 

selective oxidation of BzOH by K2Cr2O7 at room temperature without solvent.21 

However a large amount of oxidant is needed by this means because of the high 

molecular mass of these oxidant, as well as producing hazardous wastes, especially the 

Cr containing wastes which are detrimental to the environment. Beyond that, 
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ruthenium- and osmium-based complexes could also serve as stoichiometric oxidants 

for the selective oxidation of different chemicals including aromatic hydrocarbons and 

alcohols.22  

2.3.1.2 Liquid peroxides 

Hydrogen peroxide and tert-butylhydroperoxide (TBHP) are also popular oxidants for 

liquid phase selective oxidation reactions, especially for the activation of stubborn 

hydrocarbons. Liquid peroxides could be easily activated to generate highly oxidizing 

radicals or other reactive oxidation species through the cleavage of peroxide bonds. In 

addition, the general temperatures for the oxidation with H2O2 and TBHP are relatively 

lower compared with that by O2. For example, the oxidation of benzene into phenol 

was dominantly carried out with H2O2 to break the inertness of benzene. Borah et al. 

reported the activated H2O2 by vanadyl complex catalyst to oxidize benzene at 50 ºC.23 

H2O2 could form peroxo radicals on the vanadium active centres which served as the 

oxidizing species for the transformation of benzene into phenol as shown in Figure 2-

3. In the view of green chemical process, H2O2 is the second-best oxidant following 

oxygen gas, producing only H2O after the oxidation.   

 

Figure 2-3 Proposed mechanism of benzene oxidation by activated H2O2 with vanadyl 

complex catalyst. Reprinted from ref.23 with permission. 
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TBHP has been widely applied in the oxidation of both alcohols and hydrocarbons. 

TBHP has a weaker O-O bond than H2O2, thus it is easier to be activated to produce 

reactive oxidizing species.3 However, the utilization of TBHP brings along the tert-

butylalcohol as by-product. Xie et al. proposed the reaction mechanism of TBHP 

activated by dual metal-based catalyst (Co–Cu) to oxidize ethylbenzene via a radical 

based process.14 The electron transfer between TBHP and metal led to the cleavage of 

the peroxide O-O bond and the generation of hydroxyl radicals and tert-butyl oxygen 

radicals which are responsible for the conversion of ethylbenzene into acetophenone, 

benzaldehyde and 1-phenylethanol. The major concern of using the liquid phase 

peroxides is the instability, which causes issues on transportation, storage and 

operation safety. 

2.3.1.3 Oxygen 

Directly using dioxygen for selective oxidation is among the most attractive research 

topics nowadays and is also a challenging task. Oxygen gas and air are absolutely clean 

and cost-effective oxidants free from environmental or healthy issues. Dioxygen 

molecule is paramagnetic with two unpaired electrons. The ground state O2 is quite 

inactive, requiring thermal-catalytic activation to generate more reactive oxygen 

species. High reaction temperatures and noble metals are usually applied for its 

activation. This could be accomplished by introducing electrons to the oxygen 

molecules, forming superoxo radical (O2
•−) or peroxide species (O2

2−) which has 

longer O-O bond and lower dissociation energy. Most of the selective oxidation 

reactions with oxygen are believed to involve radicals and endowed by radical chain 

reactions. Taking cyclohexane as an example, its oxidation by dioxygen is widely 

accepted to follow a radical chain autoxidation mechanism as depicted in Equations 

(2-1) and (2-2).24-28 The CyOO· radicals abstract a H atom from cyclohexane (CyH) 

to form CyOOH. The remaining Cy· reacts with O2 to form another CyOO· for the 

next reaction to continue the chain reaction. Numerous research efforts are dedicated 

to the design of catalysts in the perspectives of catalytic efficiency, cost, stability, 
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recyclability, etc. 

CyOO· + CyH → CyOOH + Cy·   (2-1) 

Cy· + O2 → CyOO·              (2-2) 

2.3.2 Catalytic activation of oxidants 

2.3.2.1 Homogeneous catalysts 

Homogeneous catalyzed oxidation reactions still occupy a considerable part in the 

chemical industry. Homogeneous catalysis can afford high reaction rate and selectivity, 

as well as high atomic efficiency because the catalyst and oxidation substrates are in 

the same phase and the catalysts are homogeneously dispersed in the solvent. The 

homogeneous catalysts are dominantly metal salts, metal complex with ligands and 

organometallic complexes. The use of metal salts usually requires basic or acidic 

environment, and the metal ions tends to aggregate. The metal complexes coordinated 

with ligands present much higher stability and the catalytic activity is less affected by 

the solvent. 

A series of metals including both precious metals and transition metals are employed 

to form homogeneous catalysts, such as Pd,29 Ru,30 Cu,31-32 Co33 and Ni.34 These 

catalysts are highly active in catalyzing the selective oxidation of alcohols and 

hydrocarbons by dioxygen and liquid peroxides. For example, Gao et al. reported that 

copper complex coordinated with zwitterionic calix[4]arene ligand could activate both 

O2 and H2O2 for the selective oxidation of benzyl alcohol.31 Co(III) complex with 2-

pyridinecarboxamide ligands was able to deliver 70.4% ethylbenzene conversion and 

produce acetophenone with 90.2% selectivity by O2.
33 Apart from the metal-based 

complex, metal-free organic catalysts have also been reported for the homogeneous 
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oxidation reactions. Yang et al. used 1,4-diamino-2,3-dichloro-anthraquinone 

(DACAQ), N-hydroxyphthalimide (NHPI) and HY as organic catalyst for the 

oxidation of ethylbenzene by O2.
35  

The major drawbacks of homogeneous catalysis are the product separation and 

reusability/recyclability of catalyst. In addition, co-catalysts/additives such as NHPI 

and TEMPO are frequently required and the reactions are carried out under either 

acidic or basic solutions, restraining the further application. Therefore, heterogeneous 

catalysis has been the focus of research on liquid phase selective oxidation nowadays 

to develop economically and environmentally favourable processes. 

2.3.2.2 Heterogeneous metal based catalysts 

Numerous heterogeneous metal-based catalysts have been developed for liquid phase 

selective oxidation reactions.6, 36 They can be classified into novel metal catalysts, 

transition metal catalysts and metal composites according to the types of the metal 

active sites. Most of the metal-catalysts are deposited on supporting materials, such as 

TiO2, Al2O3, SiO2 and carbon-based materials. The most frequently reported metals 

for liquid phase selective oxidation contain noble-metals Pd, Pt, Au and Ru, and 

transition metals Cu, Mn, Co, V and Cr.  

Precious metals exhibit excellent catalytic activities towards many selective oxidation 

reactions, especially the selective oxidation of alcohols. The mechanism of primary 

alcohol oxidation over noble metals with O2 oxidant is widely accepted to follow the 

steps illustrated in Figure 2-4.1 Taking Pd catalyst as an example, the Pd atom is firstly 

inserted into the O-H bond of the target alcohol, forming a Pd-O-CH2-R complex. Then 

the Pd centre abstract the H atom from alcohol by β-hydride elimination, generating 

aldehyde product. The dioxygen molecule reacts with the two H atoms to form H2O 

and finalise the reaction cycle. Hutchings and co-workers have reported the successful 

application of noble metals supported on TiO2 or carbon in selective oxidation of 



Chapter 2 

21 

primary alcohols,37 toluene,38 alkenes39 and glycerol.12, 40 Pd, Pt, Au and their alloys 

have been studied. They synthesized Au particles covered by Pd shells and found that 

the Au core could improve the selectivity of the Pd active sites due to the electronic 

effect.37 This core-shell structure of Pd and Au metals have been further studied by 

Wang and co-workers with more detailed work.41 Pt was also widely used in alcohol 

oxidations and exhibited higher catalytic activity than Pd in the selective oxidation of 

cyclic alcohols, but the aldehyde selectivity is relatively low, and the Pt(0) was easy to 

be oxidized into Pt(II) which might cause deactivation of the Pt active sites.42 Au 

possesses lower catalytic activity than Pd, and base additives like K2CO3 are frequently 

used to attain a higher reactivity.43 Supported Ru catalysts showed high efficiency in 

the oxidation of a wide range of alcohols by O2, because of the multi-valence nature 

of Ru.44 Yamaguchi et al. reported the highly selective oxidation of benzyl alcohol 

with over 99% benzaldehyde yield by Al2O3 supported Ru catalyst in 1 h under 1 atm 

O2.
8  

 

Figure 2-4 Reaction mechanism of selective oxidation of primary alcohol into 

aldehyde with Pd catalyst and dioxygen. Reprinted from ref.1 with permission. 

Transition metal-based catalysts normally present lower catalytic activity than noble 

metals, but they are cost-effective and earth-abundant, thus the development of highly 

active transition metal catalysts attracted vast research interest. For the oxidation of 
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alcohols and hydrocarbons over transition metal catalysts with O2, a widely accepted 

mechanism is the Mars–van Krevelen model based on the variable valence of transition 

metal oxides.45 As shown in Equations (2-3) and (2-4), the metal at high oxidation state 

is firstly reduced by the alcohol/hydrocarbon reactant. As a result, the lattice oxygen 

on metal is removed and the oxidation substrate is oxidized into the corresponding 

product. Secondly, the adsorbed H atoms are oxidized by O2, regenerating the metal 

oxide active sites. Makwana et al. found that the benzyl alcohol oxidation was 

accomplished via the transformation between Mn2+ and Mn4+, well fitting the Mars–

van Krevelen mechanism.46 For alcohol oxidation, it is reported that the crucial site for 

the dissociation of O-H bond is the oxygen vacancy on the transition-metal oxides 

located at either the edge site of a metal atom or between two metal atoms. Supported 

cobalt catalysts have been applied in the selective oxidation ethylbenzene to 

acetophenone by O2. Ma et al. reported the Co(II)O stabilized on SBA-15 support to 

obtain 70% ethylbenzene conversion and 83.7% acetophenone selectivity at 150 ºC 

and 1 MPa O2 without use of solvent.47 Apart from the supported metal particle, 

attention was also paid on engineering the morphology of transition metal oxides. Feng 

et al. synthesized α-MnO2 nanorods with high specific surface area (198 m2/g) for 

selective oxidation of benzyl alcohol with 95% conversion and 99% benzaldehyde 

selectivity.48 Other supported metal catalysts including Cu,49 Cr,50-51 Mn,52 Fe53 and 

V54 also have been reported for heterogeneous selective oxidations with O2 or H2O2 as 

oxidant.  

M-O + Substrate-H2 → M + Substrate-O + 2Hadsorbed      (2-3) 

M + 2Hadsorbed + O2 → M-O + H2O                    (2-4) 

Though metal-based heterogeneous catalysts present advanced catalytic activity, there 

are still some inevitable drawbacks. Firstly, the high cost of noble metals and the 

toxicity of Co and Cr cause economic and environmental concerns. The metal active 

sites could suffer from aggregation or metal leaching during the reaction, which would 
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significantly reduce the amount of exposed reaction centres. In this sense, metal-free 

catalysts, especially functional carbon materials are promising substitute for metal-

based catalysts. 

2.3.2.3 Carbo-catalysts 

Carbon is among the most earth-abundant elements and can form a broad variety of 

structures. A series of popular carbon materials such as active carbon, graphene, carbon 

nitride and carbon nanotubes (CNTs) are extensively used as supports to anchor metal 

particles or single metal atoms. Compared with the metal based supporting materials 

like TiO2 and Al2O3, carbon materials possess higher specific surface area and better 

adaptability towards acidic or basic environments. In addition, carbon materials have 

shown inherent catalytic activity in many fundamental chemical reactions due to the 

tunable surface chemistry and specific electronic/thermal properties. In early 20th 

century, charcoal was found to have catalytic activity in aerobic selective oxidation 

reactions.2 However, the disordered carbon structure has rather low catalytic activity. 

The recent decades have witnessed the rapid development of carbo-catalysis and a 

great deal of highly ordered nanoscale carbon materials with tailored functionalities 

have been reported.4  

Among the ordered carbon materials, carbon nanotubes and graphene derived catalysts 

are the most frequently investigated ones. Both of them are composed of sp2 hybridized 

carbon forming a honeycomb-like lattice structure. Graphene oxide (GO) can be 

produced by exfoliating graphite via the Hummers’ method or modified Hummers’ 

methods.55 This process involves a large amount of corrosive oxidants, such as 

potassium permanganate, sodium nitrate and concentrated sulfuric acid. The derived 

GO is rich in defects and a wide range of oxygen functional groups. CNTs can be 

regarded as rolled tubes of graphene layers. CNTs are dominantly produced by 

chemical vapor deposition (CVD) method or pyrolization of biomass in the presence 

of metal catalysts. However, metal residuals could be confined inside the tubes even 
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after the acid purification, which may affect the determination of the origin of the 

catalytic activity. The modification of carbon materials mainly focused on heteroatom 

doping (oxygen, nitrogen, boron, sulfur, phosphorus) or engineering of morphology 

(creating defects, tube opening, etc.). The catalytic activity is usually attributed to the 

doped heteroatom active sites, defect sites and conjugated π-electrons. Besides, 

nanodiamond (ND) composed of sp3 hybridized carbon can also be used in oxidation 

reactions. After high temperature annealing, the sp3 hybridized ND can be transformed 

into a sp2/sp3 configuration and exhibits enhanced catalytic activity. In this part, the 

catalytic behaviour of metal-free carbon materials in liquid phase selective oxidation 

of alcohols and hydrocarbons will be introduced. 

(1) Selective oxidation of alcohols 

BzOH is the most frequently employed alcohol substrate catalyzed by carbon materials 

for the selective production of BzH. Kuang et al. reported the highly efficient BzOH 

oxidation system employing both O2 and HNO3 as oxidants catalyzed with nanoshell 

carbon (NSC).56 The NSC catalyst was prepared via pyrolization of mixed iron 

phthalocyanine and phenol resin. The selective oxidation was endowed with a non-

radical process as illustrate in Figure 2-5. BzOH was oxidized by the adsorbed HNO3 

on the surface of the NSC catalyst, resulting in the formation of NO2 and benzaldehyde. 

HNO3 was subsequently regenerated from the oxidation of NO2 by O2. This reaction 

system could afford 96% BzOH conversion and 92% BzH selectivity at 90 ºC in 1,4-

dioxane solvent. Based on this work, Peng and co-workers conducted similar oxidation 

reactions with CNT catalysts.57 They proposed that the HNO2 from decomposed HNO3 

was the actual oxidant for BzOH oxidation. Afterwards, Kuang et al. further developed 

a radical based BzOH oxidation using activated carbon catalyst, O2, HNO3 and 

nitroxide radicals (TEMPO) without solvent.58 The alcohol was directly oxidized by 

nitroxide radicals. This system exhibited excellent efficiency in the oxidation of a 

variety of benzylic alcohols, delivering nearly 100% conversion and aldehyde 

selectivity. In these cases, the ultimate oxidant was O2 and HNO3 and TEMPO 
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performed as promoters for the oxidation of alcohols. 

 

Figure 2-5 BzOH oxidation by O2 and HNO3 with NSC catalyst. Reprinted from ref.56 

with permission. 

Bielawski and co-workers presented very interesting results on BzOH oxidation over 

GO. They were the first to report the BzOH oxidation with GO in the year of 2010, 

claiming that the GO produced from Hummers’ method served as catalyst for the 

selective oxidation of BzOH into BzH with 92% yield, but the reaction was conducted 

with high catalysts loading (200 wt%) and high temperature (100 ºC) for 24 h.59 They 

also carried out DFT calculations to unveil the reaction mechanism.60 The oxidation 

of alcohol started with the transformation of H atom on alcohol to GO catalyst, leading 

to the formation of aldehyde. The GO catalyst could be re-oxidized by O2 after the 

reaction. However, in 2018, Pumera et al. reported their finding and reclassified GO 

as a reagent rather than a catalyst in BzOH oxidation.61 The GO was reduced after the 

reaction with a significant loss of oxygen groups, indicating that GO acted as the 

oxidant in the reaction. This highlighted the importance of correctly defining the 

catalytic role of carbo-catalysts to gain sophisticated understanding of the oxidation 

systems. Besides, another kind of graphene with homogeneously covered COOH 

groups, namely graphene acid, has also been reported for BzOH oxidation with HNO3 

or HNO3/O2.
62  

Luo et al. reported the BzOH oxidation by CNTs in the presence of high pressured O2 

(1.5 MPa).63 They found that the carboxylic COOH groups were detrimental to the 

catalytic performance. The doped N atoms enhanced the reaction efficiency and the 

highest BzOH conversion of 44.7% with 94.1% selectivity to BzH were obtained. 

They proposed a radical-based mechanism presuming that the activation of O2 
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molecules occurred on the surface of CNTs forming peroxide radicals for the oxidation 

of BzOH. Wang and co-workers demonstrated a nitrogen-doped graphene catalyst (NG) 

prepared by nitridation of GO with NH3 gas at high temperature.64 The NG catalyst 

could catalyze BzOH oxidation with 1 atm O2, affording 12.8% conversion and 100% 

selectivity. The N species, particularly graphitic sp2 N atoms were considered as the 

major active sites for the activation of O2 molecules. The theoretical work conducted 

by Jeyaraj et al. also confirmed the pivotal role of graphitic N in activating O2.
65 

Watanabe et al. reported the oxidation of different alcohols including BzOH, cinnamyl 

alcohol and 5-(hydroxymethyl)-2-furaldehyde over graphitic N-doped active carbon 

(AC).66 The catalyst was prepared by treating AC with hydrogen peroxide, followed 

by high temperature nitridation in NH3 stream. The active sites were discovered by the 

correlation between the reaction activity and the N species on catalysts prepared at 

different conditions. X-ray photoelectron spectroscopy was employed to determine the 

composition of N species. They provided a possible reaction mechanism as shown in 

Figure 2-6. The activation of dioxygen molecules occurred on the adjacent carbon of 

the positively charged graphitic N and subsequently formed peroxide radicals to attack 

the BzOH molecules. After the generation of BzH, the N active sites were recovered 

for the next reaction cycle. 

 

Figure 2-6 Proposed mechanism of BzOH oxidation by O2 on N-doped active carbon 

catalyst. Reprinted from ref.66 with permission. 

Apart from the above carbo-catalysts endowed alcohol oxidation with O2, some other 

carbon-based metal-free alcohol oxidation systems have been reported as well. Lin et 
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al. reported the N-doped annealed nanodiamond as effective catalyst for the selective 

oxidation of BzOH with activated TBHP.67 The pyridinic N was regarded as active site 

to capture the H atom from BzOH with the assistant of radicals generated from TBHP. 

Patel et al. proposed a new mechanism of alcohol oxidation catalyzed by P-doped 

porous carbon with O2.
68 The catalyst was synthesized by pyrolization of phytic acid 

and possessed high SSA (1200 m2/g) due to the porous structure. The BzOH was 

coordinated with the P species as active sites to accomplish the selective oxidation 

reaction.  

(2) Selective oxidation of hydrocarbons 

Carbo-catalysts are extensively studied in C-H bond activation of hydrocarbons, such 

as the selective oxidation of cyclohexane and ethylbenzene. Compared with the 

alcoholic O-H groups, C-H bonds in hydrocarbons are more stable. Liquid peroxides 

such as TBHP are frequently used besides O2. Bielawski and co-workers reported the 

application of GO as stoichiometric oxidant for the oxidation of aromatic 

hydrocarbons with 200 wt% to 800 wt% GO loading, similar to their reported work in 

alcohol oxidation.69 CNTs without heteroatoms doping (containing only C and O 

elements) were found able to deliver 38.2% conversion of ethylbenzene with 60.9% 

selectivity of acetophenone by O2.
13 A possible mechanism was raised, presuming that 

the delocalized π electrons of the catalysts could activate dioxygen, which 

subsequently attacked the ethylbenzene molecules to form radical intermediate and 

finally derived acetophenone. Li et al. reported aerobic toluene oxidation over 

mesoporous carbon nitride (g-C3N4) free from solvent.15 They found the nanopores on 

g-C3N4 played the key role in selectively yielding benzaldehyde with over 99% 

selectivity. The nanocomposites consisted of graphene/g-C3N4 were reported as 

catalyst for the selective oxidation of a series of hydrocarbons with O2 and the 

synergistic effect of graphene and g-C3N4 was identified.70  

Some C-H oxidation reactions on carbo-catalysts shared similar active sites or reaction 
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mechanisms with the selective oxidation of alcohols, as in many cases the reaction 

process started with the activation of oxidants on the surface of carbon. N-doped 

graphene has been reported to oxidize aromatic hydrocarbons with high product yield 

by activated TBHP oxidant, and the N atoms induced charge redistribution of the 

adjacent C was responsible for the oxidation reaction.71 A DFT study demonstrated 

that the OOH radical formed with the activated dioxygen impelled the oxidation.72 Yu 

et al. reported the application of NCNT for the selective oxidation of cyclohexane with 

1.5 MPa O2 to obtain 45.3% conversion in 8 h.27 The peroxide radicals were found 

crucial in the autooxidation chain reaction of cyclohexane, supported by another study 

using in-situ FTIR to probe the radicals.73 Besides, the other carbon structures with N-

doping have also been investigated, including ordered mesoporous carbon,74-75 carbon 

nanofibers,76 graphene-like carbon77 and porous carbon beads78 for the efficient 

selective oxidation of ethylbenzene with TBHP oxidant. The carbo-catalysts were 

prepared with pyrolysis method of carbon and nitrogen precursors. The morphological 

properties, such as the pore structures, high surface area and interconnection between 

the fibers have great impacts on the catalytic performances. Over 99% ethylbenzene 

conversion and acetophenone selectivity could be obtained with N-doped carbon 

nanofibers at 80 ºC.76 Basically, the activated TBHP presented higher oxidation 

efficiency than dioxygen. 

Besides oxygen and nitrogen, the roles of other heteroatoms including phosphorous, 

boron, fluorine and sulfur on carbo-catalysts have been tested as well. Wang et al. 

found that the B and F doped C3N4 showed much higher activity in the selective 

oxidation of cyclohexane to cyclohexanone by H2O2 than graphitic C3N4 with 

excellent stability.79 They also reported another work demonstrating the superior 

catalytic activity of B-doped C3N4 against C3N4 in the selective oxidation of toluene 

and ethylbenzene in the presence of H2O2.
80 However, the B dopant in different 

compositions or substrates may lead to variable results. Cao et al. probed the individual 

effect of doped N, P, B atoms on CNTs on the catalytic performance in selective 

oxidation of cyclohexane with O2.
81 The doped CNT catalysts were prepared by in-
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situ CVD methods. It was found that the n-type heteroatom doping of N and P on CNTs 

was beneficial for the oxidation of cyclohexane, whereas the existence of the electron-

deficient B was detrimental to the catalytic activity. Lu and co-workers synthesized N 

and S co-doped carbon nanospheres for the selective oxidation of ethylbenzene by 

TBHP.82 The catalytic performance of co-doped catalyst surpassed the non-doping or 

N-doping only catalyst in ethylbenzene conversion.  

Overall, carbon-based materials have been extensively investigated as sustainable 

catalysts, but there are still improvements to be made for their further application. For 

instance, the average catalytic efficiency of carbo-catalysts is still not comparable to 

metal-catalysts. Facile preparation of carbon materials is desired to avoid high cost 

and reduce the production of hazardous wastes. Sophisticated understanding of the 

relation between the chemistry/morphology of carbo-catalysts and their catalytic 

performances is required due to the complicated compositional and structural 

properties of carbon materials.  

2.3.3 PMS in selective oxidation 

Peroxymonosulfate (PMS, HSO5
-), also called Caro’s acid, was firstly discovered by 

Heinrich Caro. Its potassium salt combined with another two salts forms a stabilized 

oxidant named as Oxone (2KHSO5·KHSO4·K2SO4) and acts as a solid oxidant.83 

Compared with the other oxidants mentioned in section 2.3.1, oxone is 

environmentally benign, soluble, cheap and easy to handle. The oxidizing anion in 

oxone, PMS, has been applied in liquid phase selective oxidations, such as the C-H 

bond activation in hydrocarbons, the epoxidation of olefins, the oxidation of alcohols, 

etc. the chemical properties of PMS has been deeply explored for its potential use in 

synthetic organic chemistry. However, the reactions were carried out in homogeneous 

environments without catalysts. Instead, additives were introduced which could react 

with PMS to form the actual reactive oxidizing species for the selective oxidation. 

Ketones or halides were frequently employed as promoters to generate highly selective 
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oxidants for the target reactions. PMS can react with ketones and the produced 

dioxiranes are active for the oxidation of various hydrocarbons (Figure 2-7).84-88 The 

reaction of PMS with halide salts such as NaBr could derive hypohalous acids (HBrO) 

which are more reactive than PMS to selectively convert alcohols into aldehydes.89 

 

Figure 2-7 Reaction between ketone and PMS to generate dioxiranes. Reprinted from 

ref.85 with permission. 

Mello et al. reported the synthesis of methyl(trifluoromethyl)dioxirane from oxone as 

oxidant for the liquid phase selective oxidation of several hydrocarbons including 

cyclohexane and ethylbenzene.90 The reactions were conducted at low temperature (-

22 to 0 ºC) and were highly selective in yielding carbonyl compounds from 

hydrocarbons. A cyclohexanone selectivity of 99% and acetophenone selectivity of 95% 

were obtained in this reaction system. This reaction system has also been tested in the 

oxidation of aliphatic and aromatic alcohols.91 For the oxidation of 1-phenylethanol, 

cyclohexanol and 3-octanol, over 98% selectivity towards their corresponding ketones 

was observed, whereas substantial amount of BzH and benzoic acid were produced in 

the oxidation of BzOH. The mechanism insight into the oxidation behaviour of 

dioxiranes was explored in the subsequent study, indicating that radical intermediates 

were involved in the long-time selective oxidations.92-94   

Apart from the ketone additives, several organic iodine reagents have been reported to 
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react with PMS to produce oxidizing reactants. Thottumkara et al. reported that the o-

iodoxybenzoic acid (IBX) generated from the reaction between PMS and 2-

iodobenzoic acid could oxidize primary and secondary alcohols.95 However, this 

reaction was prone to oxidize the primary alcohols into acids instead of aldehydes. 

Schulze et al. found that the addition of tetra-n-butylammonium sulfate (Bu4NHSO4) 

could tailor the reaction extent to selectively form aldehydes.96 Another iodine agent, 

2-iodoxybenzenesulfonic acid (IBS), prepared with PMS oxidized 2-

iodobenzenesulfonic acid, also exhibited high ability for the selective oxidation of 

alcohols.97-98  

Koo et al. reported that the addition of NaBr to PMS enabled the selective oxidation 

of BzOH with 87% BzH yield.89 The reaction processes are depicted in Equations (2-

5) and (2-6). PMS was activated by Br− to form HOBr which directly reacted with 

BzOH to selectively generate BzH. The reaction was performed at room temperature 

in aqueous acetonitrile solvent. Without adding NaBr, the oxidation wouldn’t occur, 

indicating that the inactivated PMS was not able to oxidize alcohols. Wissinger and 

co-workers employed NaCl as the promoter for alcohol oxidation with PMS.99 NaCl 

played a similar role to NaBr by generating HOCl to oxidize borneol into camphor. 

AlCl3 catalyzed PMS at room temperature has been adopted to the selective oxidation 

of a wide range of aliphatic and aromatic alcohols with high reactivity.100 Nevertheless, 

the primary alcohols were completely oxidized into the corresponding acids rather than 

aldehydes. 

HSO5
− + Br− → HOBr + SO4

2−                      (2-5) 

PhCH2OH + HOBr → PhCH2OBr → PhCHO          (2-6) 

PMS could act as highly efficient oxidant for liquid phase selective oxidation reactions 

conducted at benign conditions, but it is currently applied in homogeneous systems 

reacting with soluble additives to generate the actual oxidizing species. The controlling 
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of the selectivity is still challenging to solely yield aldehydes instead of the further 

oxidized acid products in alcohol oxidation.101 To the best of our knowledge, 

heterogeneous catalyst-activated PMS in organic synthesis still remains unexplored, 

which offers the potential to develop an alternative method for facile and sustainable 

selective oxidation reactions.  

2.4 Catalytic activation of PMS 

The catalytic activated PMS by both metal-based catalysts and metal-free carbo-

catalysts has been extensively investigated in the recent years, focusing on the 

promising application of activated PMS in the degradation of aqueous contaminants.102 

With an asymmetry structure, PMS (H-O-O-SO3
−) is prone to decompose by electron 

transfer and generate a variety of radicals including sulfate radicals and hydroxyl 

radicals, of which the SO4
•− radicals possess a higher redox potential (2.5-3.1 V) and live 

longer than the •OH radicals (2.7 V), thus SO4
•− are reported more effective in the 

mineralization of organic pollutants.103 Physical photolysis treatments of UV 

irradiation can facilitate the decomposition of PMS to generate radicals.104-105 The 

catalytic activation of PMS is carried out under room temperatures or slightly heated 

environment. PMS could be catalyzed by homogeneous transition metals such as Co, 

Mn, Fe and Ni cations.106-109 PMS activation is accomplished by the electron transfer 

between PMS and metals via the redox cycle. The transformation of Mn+/M(n+1)+ 

enabled the cleavage of the O-O or O-H bond to generate SO4
•− and SO5

•− radicals. The 

basic routes of PMS decomposition via the electron transfer are elucidated in 

Equations (2-7) to (2-11).103  

HSO5
− + e− → •OH + SO4

2−             (2-7) 

HSO5
− + e− → OH− + SO4

•−             (2-8) 

HSO5
− − e− → H+ + SO5

•−              (2-9) 
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2SO5
•− → 1O2 + 2SO4

•−               (2-10) 

OH− + SO4
•− ↔ •OH + SO4

2−           (2-11) 

2.4.1 Heterogeneous metal catalysts 

Both noble metals and transition metals present high ability for PMS activation. Lee 

and co-workers tested a wide range of different metal nanoparticles loaded on alumina 

and found that the noble metals such as Pt, Pd, Au, Ru and Rh outperformed the 

transition metals in the oxidation of trichlorophenol (TCP).110-111 Pd turned out to be 

the most efficient metal for PMS activation while Ag exhibited the least activity among 

the noble metals. However, due to the high cost of noble metals, transition metals with 

satisfying capabilities of activating PMS have been studied more extensively. It was 

found that cobalt was superior to the other transition metals. The preparation of highly 

active heterogeneous Co catalysts received great research interest.112-113 Fe, Cu and 

Mn are also widely tested metals.114-116 The forms of the metal catalysts varies from 

zero valent metal,117-118 metal oxides,119-121 to supported metal oxides122 and metal 

composites.123-125 Anipsitakis et al. reported the PMS activation over cobalt oxide 

towards the oxidative degradation of 2,4-dichlorophenol (2,4-DCP).126 The activation 

process of PMS on Co3O4 particles is depicted in Figure 2-8. The redox reaction 

between Co2+ and Co3+ induced the generation of radicals to attack the organic 

contaminants. Nevertheless, the metal leaching cannot be neglected for PMS involved 

oxidation reactions as the PMS solution is acidic. This issue is especially serious for 

the toxic Co cations. To reduce the metal-leaching, tremendous efforts were adopted 

to enhancing the coordination of Co species and the stabilized supporting substrates, 

such as molecular sieves, metal oxides, and carbon.127-129 Some metal oxide supports 

could synergistically work with the metal active sites to activate PMS.130 Carbon 

materials offered high SSA and abundant functionalities for the metal to attach on, and 

the delocalized π electrons of sp2 carbon would facilitate the electron transfer.131-132   
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Figure 2-8 PMS activation over Co3O4 particle. Reprinted from ref.133 with permission.  

In addition to the insertion of metal particles on supports, some metal-containing 

carbon materials were in-situ synthesized via the pyrolysis of biomass. Special carbon 

morphologies such as CNTs were created by the metal salt catalysts and the metal 

residuals were confined with the carbon catalysts. The catalytic activity of the as 

prepared catalysts was originated from both the carbon structure and the metal 

residuals. Kang et al. reported that the Ni-containing bamboo-like CNTs and Mn-

containing carbon nanosprings could destroy the organic pollutants and microplastics 

owing to the synergistic effects of the nanocarbon structure and the encapsulated 

metals.134-135 

Beyond that, to stabilize the metal active sites and increase the atomic efficiency, single 

atom catalysts (SACs) are emerging to deliver exceptional high efficiency. Carbon 

materials are frequently selected as supports for the atomically dispersed metal atoms. 

The single metal atoms are chemically bonded with the substrate, basically coordinated 

with N atoms. The atomic utilization efficiency and stability of SACs are superior to 

the nanoparticles. Transition-metal based SACs (Cu, Fe, Co, etc.) have been reported 

to activate PMS for water treatment.136-138   

2.4.2 Metal-free carbo-catalysts 

Many carbon-based materials showed high activities in the heterogeneous activation 
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of PMS, which was particularly suitable for their application in water treatment to 

avoid the secondary pollution of the metal-leaching from the metal-based catalysts.139-

140 A broad range of carbo-catalysts have been tested for PMS activation showing 

diverse activities. Firstly, the plain carbon materials without complicated modification 

were studied. Sun et al. revealed the active role of reduced GO (rGO) to induce the 

generation of sulfate radicals from PMS to degrade several organic contaminants.141 

Subsequent experimental and DFT studies indicated that the surface carbonyl C=O 

groups were responsible for the breaking of peroxide O-O bond to produce SO4
•−.142-

143 The graphene edge and vacancies were more active than the inner plane. Besides 

the reactive radicals, non-radical based oxidation process could also occur during the 

PMS activation. Duan et al. discovered that the different composition of radical/non-

radical oxidation pathways relied on the carbon structures.144 CNTs and mesoporous 

carbon catalyzed oxidation was a radical process, while the defective graphene could 

induce a non-radical dominated oxidation pathway. High temperature annealed 

nanodiamonds have onion-like graphitic shells, offering a sp2/sp3 core-shell 

configuration. The pure nanodiamond could barely activate PMS due to the inert sp3 

hybridized carbon, while the graphene shell covered nanodiamond could endow both 

radical and non-radical oxidations with PMS.145-146 The activity of radical/non-radical 

oxidation depended on the sp2/sp3 ratio of nanodiamond.  

Nitrogen is the most frequently adopted heteroatom that could be facilely incorporated 

into the carbon frameworks and the N species played a crucial role in the catalytic 

activity of carbo-catalyst. It was reported that the N-doping on graphene could 

significantly enhance its ability to activate PMS.147 Among the N species, graphitic N 

appeared to play a dominant role in the catalytic activation of PMS because it induced 

the charge redistribution of the adjacent C atoms.148 The positively charged carbon 

around graphitic N on CNTs could adsorb the O-O bond in PMS to facilitate the direct 

oxidation through the electron transfer without the generation of radicals (non-radical 

oxidation). The radical and non-radical pathways over N-doped CNTs are elucidated 

in Figure 2-9. The pivotal role of N species in inducing non-radical activation of PMS 
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has also been confirmed by the other studies of N-doped graphene.149-151 The capability 

of a non-radical oxidation by PMS also relies on charge density of the organic substrate 

which determines its adsorption behaviour on carbon catalysts. On the other side, the 

generated SO4
•−, SO5

•− and •OH radicals are highly oxidative to destroy the organics 

in the solvent. The non-radical oxidation process could be more selective than the 

radicals because its oxidative potential could be tuned by the catalyst modification to 

form a suitable adsorbed complex. 

 

Figure 2-9 Radical and non-radical PMS activation over NCNT. Reprinted from ref.148 

with permission. 

The doping effects of other elements on carbon materials for PMS activation have also 

been probed. It turned out that simply doping B, P and S atoms on graphene showed 

no apparent beneficial effect for activating PMS.152 The performance of B-N co-doped 

graphene depended on the loading amount of boron. Trace amount of B could improve 

the catalytic activity of N-graphene, whereas higher B content could lead to a lower 

catalytic efficiency.153 Duan et al. reported that the additional S doping on N-graphene 

could further enhance the catalytic activity of N-graphene because the S atoms could 

increase the spin density of the neighboring C (adjacent to N), thus enhancing the PMS 
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adsorption and activation.154  

Despite of the immense investigations of heterogeneous catalytic activated PMS in the 

environmental remediation processes, little attention has been paid to its potential in 

organic synthesis. Furthermore, the mechanistic understanding of the PMS activation 

and the organic oxidation pathways with carbo-catalysts are not fully unveiled due to 

the complicated chemical and morphological nature of carbon materials. The 

identification of some reactive oxidation species is not convincing and contradictory 

among the literatures because of the limited techniques and knowledge. 

2.5 Opportunities for carbo-catalysis in selective oxidation with PMS 

Though the application of carbo-catalyzed PMS is focused on water remediation 

processes, aiming to mineralize the organic contaminants, this system is highly 

promising to be extended into the liquid phase selective oxidation reactions to produce 

high-valued fine chemicals. First of all, the oxidation via catalytic activated PMS is 

free from high temperature, high pressure and hazardous homogeneous additives. 

Oxone is more stable compared with the liquid peroxide oxidants, and cleaner than the 

heavy metal-based stoichiometric oxidants in the production of fine chemicals. 

Secondly, the multiple oxidation pathways enabled by activated PMS provide 

possibilities for its use in selective oxidation reactions, especially the non-radical 

processes which are milder and more selective than the radical ones.155 Even though 

the free radicals are regarded as nonselective oxidizing species for aqueous 

contaminant degradation, the oxidation behaviour of radicals could be tuned by 

engineering of the reaction process. In the reported work, the PMS/organics ratio is 

usually high (e.g., PMS/phenol=30 mol/mol147) to establish highly oxidative 

environment for the mineralization of pollutants. By lowering the PMS dosage, the 

oxidation extent of organic chemicals by radicals could be controlled as many selective 

oxidation reactions are believed to undergo radical chain reactions. Thirdly, there are 
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still some debates against the mechanism understanding of the PMS activation over 

carbo-catalysts, especially the non-radical oxidation route due to the limited 

characterization techniques. Further study on the catalytic and oxidation behaviour of 

carbo-catalysts and organics with PMS is demanded. Finally, the use of catalytic 

activated PMS in selective oxidation will expand the fundamental knowledge of this 

reaction system and provide a new reaction strategy for liquid phase selective 

oxidation reactions.  

2.6 Conclusions 

The development of facile and environmentally benign strategies to carry out liquid 

phase selective oxidation reactions is always highly desired. In this chapter, the present 

methods for liquid phase selective oxidation reactions have been reviewed. The 

evolution of oxidants for selective oxidation starts from the hazardous stoichiometric 

heavy metals to liquid and gaseous clean oxidants. The heterogeneous carbo-catalysts 

possess advantages including sustainability, durability and recyclability compared 

with metal-based catalysts. Solid PMS oxidant could react with homogeneous 

promoters to generate oxidative species for selective oxidations, but the selectivity 

controlling remains an unsolved problem. This chapter also summarised the catalytic 

activation of PMS for the use in water remediation process. The catalytic activated 

PMS could oxidize organics under mild conditions without any homogeneous 

additives. Carbo-catalysts with tuned structure and surface chemistry could afford 

highly efficient activation of PMS and endow the mineralization of organic pollutants 

by both radical and non-radical pathways. Since there is little research on the feasibility 

of using heterogeneous catalyst-activated PMS in selective oxidation, the objective of 

this study is to probe the oxidation behaviour of alcohols and hydrocarbons over carbo-

catalysts with activated PMS, thus providing an alternative route of liquid phase 

selective oxidation reactions.  
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Chapter 3  Understanding of the Oxidation Behaviour of 

Benzyl Alcohol by Peroxymonosulfate via Carbon Nanotubes 

Activation 

Abstract 

Selective oxidation of benzyl alcohol (BzOH) into benzaldehyde (BzH) is very 

important in synthetic chemistry. Peroxymonosulfate (PMS) is a cheap, stable and 

soluble solid oxidant, holding promise for organic oxidation reactions. Herein, we 

report the catalytic PMS activation via carbon nanotubes (CNTs) for the selective 

oxidation of BzOH under mild conditions without other additives. A remarkable 

promotion of BzH yield with a selectivity over 80% was achieved on modified CNTs, 

i.e., O-CNTs via the radical oxidation process, and the oxygen functionalities for 

catalysis were comprehensively investigated by experimental study and theoretical 

exploration. To understand the different surface oxygen species on CNTs for the 

activation of PMS, density functional theory (DFT) calculations were performed to 

investigate the adsorption behaviour of PMS on various CNTs. The electrophilic 

oxygen was identified as the electron captor to activate PMS by O-O bond cleavage to 

form SO5
•− and SO4

•− radicals. The nucleophilic carbonyl groups can also induce a 

redox cycle to generate •OH and SO4
•− radicals, but phenolic hydroxyl groups impede 

the radical process with antioxidative functionality. The carbocatalysis-assisted PMS 

activation may provide a cheap process for the selective oxidation of alcohols into 

aldehydes or ketones. The insight achieved from this fundamental study may be further 

applied to other organic synthesis via selective oxidation. 

The content of this chapter is published in ACS Catalysis 2020. 10 (6), 3516-3525. 
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3.1 Introduction 

Selective oxidation of alcohols into aldehydes or ketones is one of the most important 

reactions in synthesis of organic compounds.1 Benzyl alcohol (BzOH) oxidation has 

attracted extensive attention because the produced benzaldehyde (BzH) can serve as a 

versatile intermediate in the manufacture of many fine chemicals.2 A variety of 

reaction routes have been developed based on different catalysts and oxidants. 

Stoichiometric metal oxides (chromates and permanganates) and peroxides (hydrogen 

peroxide and t-butylhydroperoxide) are frequently employed as the oxidants,3-5 where 

the former oxidants cause pollution by the nature of heavy metals and the latter suffer 

from the poor stability in storage and transportation. In view of green chemistry, 

molecular oxygen as an oxidant has economical and environmental advantages over 

other oxidants. Noble metals such as Au and Pd can catalyze BzOH oxidation with 

high efficiency under moderate conditions, but large-scale applications are hampered 

by the scarcity and high cost of the catalysts.6-7 Transitional metal-8-9 and nanocarbon-

10 based catalysts are developed as substitutes for noble metals, but high reaction 

temperatures or extra additives/co-catalysts are the major issues impeding the 

application of O2 as an oxidant. 

Peroxymonosulfate (PMS, HSO5
−), as a chemically stable and inexpensive solid 

oxidant, has received continuous attention in the oxidation of alcohols and can afford 

high ketone/aldehyde yields.11 Nevertheless, PMS in these cases only serves as the 

precursor to generate the actual oxidizing agents through the reaction between PMS 

and some additives such as ketones,12 o-iodoxybenzoic acid,13-15 2-

iodoxybenzensulfonic acid16-17 and Cl-/Br-18 instead of using as an oxidant in the 

alcohol oxidation. Recently, it has been reported that PMS can be activated by carbon 

catalysts and present superior activity in advanced oxidation processes (AOPs) for 

aqueous contaminant degradation. Metal-free carbon materials such as carbon 

nanotubes (CNTs), reduced graphene oxides, and nanodiamonds can afford high 
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activity in phenol degradation under mild conditions and the carbonyl groups would 

facilitate the electron transfer from an sp2 carbon network to PMS to generate highly 

reactive radicals.19-24 However, there is still a lack of systematic investigation on the 

catalytic roles of other oxygenated functional groups in PMS activation with solid 

experimental evidence. In addition, to the best of our knowledge, the feasibility and 

efficiency of carbocatalyst-activated PMS in the selective oxidation of BzOH have 

never been reported. 

In this paper, we present a novel process of selective oxidation of BzOH with CNT-

activated PMS as the terminal oxidant. PMS was activated by annealed O-CNTs under 

benign conditions without any additives for BzOH oxidation. Experimental and 

theoretical studies on the catalytic roles of different surface oxygen species on CNTs, 

including carbonyl, phenolic hydroxyl, carboxylic acid and electrophilic 

peroxide/superoxide were comprehensively conducted. The oxidizing species 

responsible for BzH formation were identified in detail. 

3.2. Results and discussion 

Commercial multiwalled carbon nanotubes (MWCNTs) were first sonicated in a 

mixture of nitric acid and sulfuric acid to remove metal residuals and introduce oxygen 

species onto the carbon surface to obtain O-CNT. Then, the O-CNT was annealed in 

N2 at different temperatures between 400 and 1000 ºC for the removal and 

redistribution of surface oxygen groups. The samples obtained are noted as OCNT-

400, OCNT-600, OCNT-800, and OCNT-1000. According to transmission electron 

microscopy (TEM) images (Figure 3-1), both O-CNT and OCNT-800 are rich in 

crooked tubular segments and amorphous carbon fragments on the outer layer of the 

tubes, contributing to the structural and topological defects. The ratio ID/IG from 

Raman spectra (Figure 3-2) reflects the defectiveness of CNTs samples,25 and the ID/IG 

value increased from 0.97 to 1.57 after the oxidation of original MWCNT due to acid 
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etching and tube shortening. The ID/IG value further increased as the annealing 

temperature increased, and ID/IG of OCNT-1000 can reach 1.91. The results indicate 

that the high-temperature annealing treatment introduces numerous defect sites from 

the decomposition of oxygen groups. 

 

Figure 3-1. TEM images of defect-rich O-CNT (a, b), and OCNT-800 (c, d). 

 

Figure 3-2. Raman spectra of pristine MWCNT, O-CNT, and various annealed O-

CNTs. 

Catalyst performance tests were conducted in aqueous acetonitrile to afford adequate 

solubility for both aromatic compounds and PMS. Table 3-1 lists the catalytic 

performances of various catalysts in BzOH oxidation by PMS. The reaction 
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temperature was controlled at 50 ºC, much lower than the typical selective oxidation 

by O2.
2, 26 Without catalyst addition, only 14.7% conversion of BzOH and a very 

minimal BzH yield (1%) were observed (entry 1) through the self-activation of PMS. 

After adding MWCNT, BzOH conversion and BzH yield were increased, but to a very 

limited degree. The presence of oxygen species on the carbon surface (O-CNT) 

immediately conferred the catalytic system a higher reaction efficiency up to 22.8% 

BzH yield, due to the generation of active oxygen species on the CNT surface. After 

annealing of O-CNT, the catalytic activity of the O-CNT was further enhanced and the 

BzH selectivity/yield was significantly increased with the highest values up to 

80.1/46.2% for OCNT-800 (at an annealing temperature of 800 ºC). To shed some 

light on the reaction pathway, an oxygen-free process was conducted by removing the 

dissolved oxygen from the solvent via flowing N2 through the reaction solution (entry 

7). There was no decline in BzH yield in O2-free solution, indicating that the activation 

of PMS and selective oxidation process are independent of the dissolved O2. In 

comparison to metal-free CNT catalysts, a noble-metal material (commercial 

Pt@Al2O3, 1 wt % of Pt, entry 9) and a transitional-metal oxide (commercial Fe3O4, 

entry 10) were tested under the similar reaction conditions, but their oxidation 

efficiencies were much lower than the annealed CNTs. Notably, neither benzoic acid 

nor other byproducts were found in the above cases according to gas chromatography–

mass spectrometry (GC–MS) results, indicating that BzOH was either partially 

oxidized into BzH or fully oxidized into CO2/H2O in this reaction system. 

Table 3-1. Selective oxidation of benzyl alcohol by various catalysts.a 

Entry Catalyst BzOH conversion (%) BzH selectivity (%) BzH yield (%) 

1 -- 14.7 6.8 1.0 

2 MWCNT 22.2 62.6 13.9 

3 O-CNT 39.1 58.3 22.8 

4 OCNT-400 47.0 80.9 38.1 

5 OCNT-600 57.9 72.2 41.8 

6 OCNT-800 57.6 80.1 46.2 

7b OCNT-800 59.2 79.1 46.9 

8 OCNT-1000 60.3 75.3 45.4 
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9 Pt@Al2O3
 17.9 71.2 12.8 

10 Fe3O4
 10.9 21.7 2.4 

a Reaction conditions: 10 mg catalyst, 0.2 mmol BzOH, 0.22 mmol PMS, 10 mL 

acetonitrile/water (1:1, volume ratio), 50 ºC, 5 h.  

b The dissolved oxygen in the solvent was removed before reaction by continuous N2 bubbling, 

and the reaction was carried out under N2 protection. 

 

Figure 3-3. EPR spectra of O-CNT and OCNT-800 catalyzed PMS activation in the 

presence of (a) DMPO (DMPO-•OH-●, DMPO-SO4
•−-♦) and (b) TMP (c, d) 

Quenching effects on selective oxidation of benzyl alcohol. Reaction conditions: 10 

mg OCNT-800, 0.2 mmol BzOH, 0.22 mmol PMS, 10 mL acetonitrile/water (1:1, 

volume ratio), 50 ºC, 5 h. 

Previous studies reveal that carbon-based catalysts can activate PMS to generate 

hydroxyl radicals (•OH) and sulfate radicals (SO4
•−) for the degradation of aqueous 

organics. A non-radical proccess also exists in AOPs through adsorption/chemical 

bonding between the organic substrates/O-O bond of PMS and sp2 hybridized carbon 

network after N heteroatom doping, where the carbon catalyst acts as a bridge to enable 

the electron transfer from the organic compounds to PMS.27 The radical generation 

routes of •OH, SO4
•− and SO5

•− from PMS are presented in Eqs. (3-1) to (3-4). The 
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SO4
•− radicals are reported to have a higher oxidation potential (2.5-3.1 V) than •OH 

(2.7 V) and SO5
•− (1.1 V).28 In addition, SO5

•− radicals can produce SO4
•− radicals and 

singlet oxygen (1O2) by self-decomposition (Eq. 3-5).28-30 The evolution of •OH/SO4
•− 

radicals (Figure 3-3(a)) and 1O2 (Figure 3-3(b)) during the reactions was recorded by 

in situ electron paramagnetic resonance (EPR) using 5,5-dimethyl-1-pyrroline N-oxide 

(DMPO) and 2,2,6,6-tetramethyl-4-piperidinol (TMP) to trap the radicals and singlet 

oxygen, respectively.31-34 The peak intensities of the •OH/SO4
•− radicals and singlet 

oxygen induced by CNTs followed the sequence of OCNT-800 > O-CNT > free PMS, 

demonstrating that the annealed O-CNT produced more radicals and 1O2 species than 

the O-CNT without annealing. 

HSO5
− + e- → •OH + SO4

2−                    (3-1) 

HSO5
− + e- → OH− + SO4

•−                    (3-2) 

•OH + SO4
2− ↔ OH− + SO4

•−                   (3-3) 

HSO5
− − e- → H+ + SO5

•−                      (3-4) 

2SO5
•− → SO4

•−O2SO4
•− → 1O2 + 2SO4

•−          (3-5) 

To identify the intrinsic oxidizing components that are responsible for the conversion 

of BzOH and the formation of BzH, we further conducted a series of quenching 

experiments. Ethanol and tert-butanol (TBA) were adopted as quenching agents owing 

to their different scavenging abilities. Ethanol is used to quench •OH and SO4
•− radicals 

with high reaction rates.35-36 Tert-butanol (TBA) is an effective •OH scavenger but less 

effective in scavenging SO4
•−.36 A comparison of quenching effects in low (1 

equivalent of PMS) and high (100 times of PMS) dosage of the quenching agents on 

the oxidation efficiency with OCNT-800 is displayed in Figure 3-3 (c) and (d). The 

dosage of TBA did not cause severe decrease of the oxidation efficiency and there is 

only 10% loss of BzH yield with 100 times of TBA loading, indicating that the •OH 

radicals play a minor role in BzH formation. A substantial decrease in BzH yield was 

observed when ethanol was added, with only 2% BzH yield remained at 100 times of 



Chapter 3 

60 

ethanol dosage. The quenching results reveal that SO4
•− radicals with a high oxidative 

potential dominantly contribute to the selective oxidation of BzOH into BzH whereas 

the radical formation processes via Equations (3-1) to (3-4) suggest that the electron 

transfer between PMS and carbo-catalysts plays a pivotal role in radical generation by 

either electron gain or loss. The oxygenated functional groups and defect sites on 

CNTs can break the inertness of highly stable sp2 graphitic structure and act as catalytic 

active sites. A wide range of oxygen species, including ketonic carbonyl (C=O), 

phenolic hydroxyl (C−OH) and carboxylic acid (COOH) groups, coexist on CNTs.37 

In the view of electroaffinity, there are electrophilic (peroxides and superoxides) and 

nucleophilic (e.g., C=O) oxygen species on carbocatalysts.38-39 The electrophilic 

peroxide (O2
2−) and superoxide (O2

−) species are electron-deficient and tend to attack 

electron-rich molecules. The electron-rich C=O groups can serve as an electron donor. 

In general, both nucleophilic C=O and electrophilic groups can activate PMS to 

generate reactive radicals through electron transfer between PMS and oxygen 

functional groups. Meanwhile, in the field of polymer materials, it is known that 

hindered phenolic antioxidants are able to prevent the degradation of polymers since 

the phenolic groups can give H atoms to stop the free-radical chain reaction.40-41 

Therefore, phenolic hydroxyl groups on a carbocatalyst may possess similar 

functionality to capture the generated radicals and impede the selective oxidation of 

BzOH. 

Table 3-2. Concentrations of surface oxygen groups determined by XPS survey and 

electrophilic oxygen determined by iodometric titration. 

Catalyst 

Total 

oxygen 

(fresh, at.%) 

Oxygen species (% of 

total oxygen content) 
Total oxygen 

(used, at.%) 

Electrophilic 

oxygen (10-4 

mol/g cat.) C-O O=C−O C=O 

MWCNT 0.83 32.4 47.9 19.7 1.82 0.9 

O-CNT 7.43 42.8 45.8 11.4 7.33 1.3 

OCNT-400 4.96 49.3 36.7 14.0 6.30 2.8 

OCNT-600 3.06 51.3 35.9 12.7 4.90 5.0 

OCNT-800 2.23 47.6 41.1 11.3 4.88 8.7 

OCNT-1000 2.58 49.2 44.2 6.5 4.75 3.5 
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In this study, the iodometric titration method was used to quantitatively determine 

the amount of surface electrophilic oxygen species from the peroxides or superoxides 

on the CNT catalysts.42-43 The derived amount of I2 by Na2S2O3 titration can 

quantitatively reflect the presence of the electrophilic oxygen species. Such an 

iodometric oxidation method can be specifically used to deactivate the electrophilic 

oxygen groups, which will be discussed in the reaction mechanism. The contents of 

the surface oxygen before and after the catalytic reaction and the amount of 

electrophilic oxygen derived from pristine MWCNT and O-CNTs annealed at different 

temperatures are presented in Table 3-2. After acid etching/oxidation, a remarkable 

increase of total oxygen content and electrophilic oxygen was observed on MWCNT. 

As the annealing temperature increased, the total oxygen content reduced due to the 

decomposition of the oxygen species with different thermal stabilities. Meanwhile, the 

amount of electrophilic oxygen increased with the rising annealing temperature 

because the desorption of oxygen groups (carboxyl, lactone, ether, etc.) in thermal 

treatment leads to the exposure of highly active defect sites, on which the oxygen 

species including electrophilic oxygen can be formed in an oxygen-containing 

atmosphere. Notably, the content of the electrophilic oxygen (8.7×10-4 mol/g cat.) was 

observed to be the highest on OCNT-800 and at a lower amount on OCNT-1000. At 

the temperature exceeding 1000 ºC, the phenolic hydroxyl and carbonyl groups started 

to decompose accompanied by the vanishing of some structural defects.44 The 

deconvolution of O 1s X-ray photoelectron spectroscopy (XPS) (Table 3-2 and Figure 

3-4) of different annealed O-CNT shows the coexistence of C=O, O=C−O and C−O 

groups on CNTs.37, 42 OCNT-1000 contained less C=O groups but more O=C−O and 

C−O groups than OCNT-800, indicating the defect sites on OCNT-1000 were more 

likely to generate O=C−O/C−O instead of C=O. As a result, the regeneration of C=O 

and electrophilic oxygen are impeded on OCNT-1000. 
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Figure 3-4. Deconvolution of O1s XPS spectra of OCNT-400, OCNT-600, OCNT-

800 and OCNT-1000 assigned to C=O (~531.2 eV), O=C−O (~532.4 eV) and C−O 

(~533.7 eV). 

 

Figure 3-5. Selective oxidation of benzyl alcohol on CNT catalysts before and after 

the elimination of surface electrophilic oxygen species by KI. Reaction conditions: 10 

mg catalyst, 0.2 mmol BzOH, 0.22 mmol PMS, 10 mL acetonitrile/water (1:1, volume 

ratio), 50 ºC, 5 h. 

The electrophilic oxygen groups on MWCNT, O-CNT, and OCNT-800 were then 

selectively deactivated (MWCNT-KI, OCNT-KI, and OCNT-800-KI) by iodometric 
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oxidation to unveil the catalytic role of the electrophilic oxygen in PMS activation. 

The catalytic performances of those samples before and after the titration are displayed 

in Figure 3-5. Though the activity of MWCNT, O-CNT, and OCNT-800 varied greatly 

in PMS activation, the samples showed consistent performances after the electrophilic 

oxygen groups were eliminated. The BzOH conversion and BzH yield dramatically 

decreased to approximately the same level after the titration treatment for the three 

samples. Notably, OCNT-800-KI gave even slightly lower activity than OCNT-KI, 

agreeing well with the peak intensity variation in EPR (Figure 3-6). We can infer that 

the enhanced catalytic performance after annealing of O-CNT mainly originates from 

the generation of electrophilic oxygen species, which contribute to the effective 

production of  SO5
•− and SO4

•− radicals. 

Table 3-3. Selective oxidation of benzyl alcohol by O-CNT derivatives and small 

molecular mimics.a 

Entry Catalyst 
BzOH 

conversion (%) 

BzH selectivity 

(%) 
BzH yield (%) 

1b OCNT-c 42.6 52.3 22.3 

2 OCNT-PH 22.2 25.4 5.6 

3 OCNT-BA 48.2 55.6 26.8 

4 OCNT-BrPE 42.5 49.2 20.9 

5c -- 14.7 6.8 1.0 

6d C=O 24.6 50.6 12.5 

7e C-OH 14.1 7.0 0.8 

8f COOH 15.4 9.1 1.4 

a Reaction conditions: 10 mg catalyst, 0.2 mmol BzOH, 0.22 mmol PMS, 10 mL 

acetonitrile/water (1:1, volume ratio), 50 ºC, 5 h.  

b O-CNT underwent the solvent-only treatment (OCNT-c) to control variables with the 

derivatives. 

c No catalyst was loaded. 

d p-benzoquinone (0.4 mmol) was used to mimic carbonyl group. 

e 1,2-dihydroxybenzene (0.4 mmol) was used to mimic hydroxyl group. 

f 1,4-dicarboxybenzene (0.4 mmol) was used to mimic carboxyl group. 
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Figure 3-6. In-situ EPR spectra of OCNT-800 and OCNT-800-KI catalyzed PMS 

activation in the presence of a) DMPO (DMPO-•OH-●, DMPO- SO4
•−-♦) and b) TMP. 

Conditions: 10 mg catalyst, 0.2 mmol BzOH, 0.22 mmol PMS, 10 mL 

acetonitrile/water (1:1, volume ratio), 50 ºC 
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Scheme 3-1. Selective deactivation pathways of a) carbonyl b) phenol c) carbonxyl 

acid and d) electrophilic oxygen on O-CNT by phenylhydrazine (PH), benzoic 

anhydride (BA), 2-bromo-1-phenylethanone (BrPE) and KI. 

 

Scheme 3-2. Proposed mechanism of PMS activation on OCNT-800 and the oxidation 

of benzyl alcohol into benzaldehyde. 
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Figure 3-7. Deconvolution of O1s XPS spectra of O-CNT and OCNT-NaBH4 (O-CNT 

after wet chemical reduction by NaBH4) 

The catalytic behaviour of the C=O, C−OH and COOH groups in the oxidation of 

BzOH was further explored by selective deactivation and small-molecule mimics of 

each group. The three target oxygen groups (C=O, C−OH and COOH) on O-CNT were 

deactivated by phenylhydrazine (PH), benzoic anhydride (BA), and 2-bromo-1-

phenylethanone (BrPE), respectively, to obtain the relevant derivatives through highly 

specific reactions between the titrants and oxygen groups (Scheme 3-1).37 The derived 

samples were referred to as OCNT-PH, OCNT-BA, and OCNT-BrPE. Meanwhile, p-

benzoquinone, 1,2-dihydroxybenzene, and 1,4-dicarboxybenzene were used to mimic 

C=O, C−OH and COOH in the absence of catalysts. The selective oxidation results are 

listed in Table 3-3. After the C=O groups on O-CNT were deactivated (entry 2), both 

the BzOH conversion and BzH yield decreased evidently. Meanwhile, adding p-

benzoquinone as the mimic of C=O leads to a considerable increase in 

conversion/yield (entries 5 and 6), confirming that C=O played an essential role as the 

electron donor in PMS activation. The removal of C−OH on O-CNT slightly enhanced 

the conversion/yield (entry 3), while the additional C−OH mimics lead to a reduced 

BzH yield (entry 7). To further confirm the role of C−OH groups, a larger amount of 

C−OH was produced on O-CNT by wet chemical reduction using NaBH4. The 
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conversion of O=C−O into C−OH groups (XPS, Figure 3-7) leads to a significant 

decrease in the BzH yield from 22.8 to 6.9 % on O-CNT (Figure 3-8). Thus, it can be 

inferred that the phenolic hydroxyl groups are impediments during the radical 

evolution. As for carboxyl groups, entries 4 and 8 showed a subtle but still beneficial 

effect of COOH on the reactions, which might be owing to the C=O in COOH groups. 

The EPR tests showed that the radical signals induced by OCNT-PH/PMS were 

remarkably weakened compared to O-CNT/PMS (Figure 3-9). The other two derivates 

showed no apparent difference in radical generation compared to O-CNT, which also 

agrees with the results in Table 3-3 that the catalytic activity of O-CNT was not 

profoundly altered after C-OH/COOH deactivation. The results provide convincing 

experimental verifications to the above-mentioned hypothesis, identifying the roles of 

carbonyl and phenolic hydroxyl groups in the PMS activation and the selective 

oxidation processes. The proposed mechanism of CNT-facilitated PMS activation to 

transform BzOH to BzH is summarised in Scheme 3-2. The HSO5
− can attract 

electrons from electron-rich C=O groups on CNTs to generate •OH and SO4
•− radicals. 

The electrophilic peroxide and superoxide species on CNTs are able to gain electrons 

from HSO5
− and produce SO5

•− radicals, which can be further transformed into SO4
•− 

radicals. Thus, the selective oxidation of BzOH to BzH is significantly enabled by the 

radical process. 

 

Figure 3-8. Selective oxidation of benzyl alcohol on O-CNT and OCNT-NaBH4. 

Reaction conditions: 10 mg catalyst, 0.2 mmol BzOH, 0.22 mmol PMS, 10 mL 

acetonitrile/water (1:1, volume ratio), 50 ºC, 1 atm, 5 h. 
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Figure 3-9. In-situ EPR spectra of OCNT and OCNT derivatives catalyzed PMS 

activation in the presence of DMPO (DMPO-•OH-●, DMPO- SO4
•−-♦). Conditions: 10 

mg catalyst, 0.2 mmol BzOH, 0.22 mmol PMS, 10 mL acetonitrile/water (1:1, volume 

ratio), 50 ºC 

The stability of OCNT-800 in successive tests was investigated, and both the BzOH 

conversion and BzH yield decreased after each run (Figure 3-10(a)). The BzH yield 

decreased from 47.4% in the first run to 28.1% in the second run and further reduced 

to 5.6 % after the fourth run. Then, the catalyst after the fourth run was annealed at 

800 ºC (Recovered OCNT-800) and a full recovery was observed (47.6% BzH yield). 

The deactivation of the carbocatalyst was also found in aqueous contaminant 

degradation processes using PMS, and our catalyst showed a better recovery ability.21, 

45 The XPS survey spectra and O 1s deconvolution demonstrate that the surface oxygen 

content on the catalyst increased after each run (Figure 3-10(b)). The oxidative 

environment during the reaction mainly induced the regeneration of C−O and O=C−O 

groups on the carbon surface, while the C=O groups showed no obvious change 

(Figure 3-11). The determination of electrophilic oxygen on the catalysts after each 

run by the iodometric titration (Figure 3-10(b)) reveals almost a total consumption of 

the electrophilic oxygen from the fresh catalyst (8.7×10-4 mol/g cat.) to the fourth run 

(0.7×10-4 mol/g cat.). After the annealing recovery treatment, the amount of 
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electrophilic oxygen increased back to 5.2×10-4 mol/g cat. It can be inferred that the 

electrophilic oxygen groups were consumed during the reaction, which is responsible 

for the fast deactivation of the catalyst. This consumption also confirms the occurrence 

of electron transfer from PMS to electrophilic oxygen. As a result, the electrophilic 

oxygen is reduced to enable the radical process for the BzOH oxidation instead of the 

nonradical process in which the carbon catalyst serves as an electron bridge. The C=O 

groups stay unchanged after the catalytic reaction because of a reversible conversion 

between C=O and C−O groups thus forming a redox cycle.21, 38, 46 

 

Figure 3-10. Stability test of OCNT-800 for 4 cycles and recovering OCNT-800 after 

the 4th run by post-annealing at 800 ºC. a) selective oxidation of benzyl alcohol, b) 

Total oxygen and electrophilic oxygen species obtained from XPS survey and 

iodometric titration. Reaction conditions: 10 mg catalyst, 0.2 mmol BzOH, 0.22 mmol 

PMS, 10 mL acetonitrile/water (1:1, volume ratio), 50 ºC, 5 h. 

 

Figure 3-11. Deconvolution of O1s XPS spectra of OCNT-800 and used OCNT-800. 
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Figure 3-12. Structure of PMS molecules adsorbed on pristine CNT and CNT with 

different oxygen functional groups: (a) PMS on pristine CNT, (b) PMS on pristine 

CNT edge, (c) PMS on O-CNT with –OH, (d) PMS on O-CNT with –COOH, (e) PMS 

on O-CNT with –C=O, (f) PMS on O-CNT with –O=O, and (g) PMS on O-CNT with 

–O–O–. The gray, white, red, and yellow atoms are C, H, O, and S, respectively 

Table 3-4. Adsorption energy (Eads) of PMS on CNT, the O-O bond length (lO-O) of 

PMS (HO-OSO3), and the O-H bond length (lO-H) of PMS (H-OOSO3) in different 

density functional theory (DFT) models shown in Figure 3-12. 

Configuration Eads(eV) lO-O(Å) lO-H(Å) 

Free PMS - 1.326 1.037 

(a) -1.17 1.434 1.004 

(b) -1.13 1.434 1.008 

(c) -1.66 1.466 0.997 

(d) -1.07 1.458 1.006 

(e) -1.12 1.426 1.005 

(f) -1.13 1.425 1.014 

(g) -1.25 1.438 0.998 

To fully understand the roles of different oxygen-containing functional groups in 

promoting the PMS activation, all possible adsorption of PMS molecules (HSO5
-) on 

(a) (b) (c) (d)

(f)(e) (g)

axial view

axial view

side view

side view
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various CNT sites with the lowest energy configuration is described in Figure 3-12. 

The corresponding data of the adsorption energy and bond length (O-O: lO-O and O-H: 

lO-H) are listed in Table 3-4. For -OH, -COOH and -C=O groups, their behaviour in 

affecting the O-O bond in PMS (HO-OSO3) was investigated. For electrophilic -O-O-

/-O=O groups on CNTs, we focused on their abilities to stretch and cleave the O-H in 

PMS (H-OOSO3) to echo the experimental results. As summarised in Table 3-4, the 

bond length lO-O of free PMS molecules is 1.326 Å,20 whereas lO-O was remarkably 

stretched when PMS was adsorbed on pristine CNT and nucleophilic O-CNT, 

implying the potential to be transformed into HO and SO4. The adsorption energies of 

PMS on CNTs ranged from -1.07 to -1.66 eV, among which the maximum Eads of PMS 

on HO-CNT was -1.66 eV with the longest lo-o of 1.466 Å. It should be noted that in 

the case of HO-CNT, the H atom in the -OH group was separated from the O atom and 

was bonded to the PMS molecule, while the -OH group on CNT was transferred to the 

C=O group, which helps to explain the highest Eads and longest lo-o in the HO-CNT 

system. This process implies that the PMS activation on -OH is not feasible from the 

thermodynamic perspective according to a previous report.22  

 

Figure 3-13. Reaction pathway of the activation of PMS on pristine CNT and CNT 

with different oxygen functional groups, where IS, TS, MS, and FS represent the initial 

structure, transition structure, intermediate product structure, and final structure, 

respectively. 
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Figure 3-14. The reaction pathway and relevant reaction energy barriers Eb of 

activation of PMS on pristine CNT and CNT with different oxygen functional groups: 

(a) CNT edge pathway, (b) pristine CNT pathway, (c) –OH pathway, (d) –COOH 

pathway1, (e) –COOH pathway1 desorption of SO4 group, (f) –COOH pathway 2, (g) 

–C=O pathway, (h) –O=O pathway, and (i) –O–O– pathway, where IS, TS, and FS 

with structure diagrams represent initial structure, transition structure, and final 

structure, respectively. 

Particularly, there is no obvious change in lO-O of PMS when adsorbed by -O-O-/-O=O 

on the CNTs with comparable adsorption energy to pristine CNT, implying a different 

activation mechanism for PMS activation in -O-O-/-O=O systems. Thus, based on the 

experimental results, the cleavage of O-O and O-H bonds of PMS on nucleophilic and 

electrophilic O-CNTs was investigated using transition-state searching method. The 

possible energy potential profiles of these reactions are shown in Figure 3-13. The 

reaction energy barriers Eb corresponding to different paths are displayed in Figure 3-
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14. For the pristine CNT, despite the O-O bond stretching,  the Eb value of the O-O 

bond cleavage to produce SO4
•− was 1.64 and 1.72 eV at bulk carbon and edge sites, 

respectively. As previously reported, the critical energy barrier of 0.9 eV would 

determine the possibility of a chemical reaction at room temperature.47-48 Thus, it is 

difficult to generate radicals through PMS activation by pristine CNT. For PMS 

activated by nucleophilic O-CNT, the O-O bond cleavage and the energy barrier Eb 

follow the order of OH > COOH > C=O. The highest Eb of 0.91 eV in the HO-

CNT@PMS system demonstrates the ultralow degradation rate of PMS for radical 

formation. Meanwhile, it was found that in all of these three systems, the generated 

•OH was directly bonded to the carbon atoms on the CNT, implying the possible 

quenching of •OH by CNT itself. The binding between •OH and CNT results in the 

decrease of the yield of free •OH radicals, which explains the ultrashort lifetime of •OH 

in comparison to SO4
•−.49 Particularly, in the case of HOOC-CNT@PMS system, we 

found that the SO4
•− can be feasibly bonded to the α-C (the C atom directly bonded to 

-COOH) of COOH function to form C-SO4 in geometry optimization. Thus, two 

pathways of PMS activation by COOH function should be taken into consideration: 

pathway 1, HSO5
− + CNT → C-OH + C-SO4; pathway 2, HSO5

− + CNT → C-OH + 

SO4
•−. The calculated Eb values for breaking the O-O bond are 0.35 and 0.40 eV in 

pathways 1 and 2, respectively. The energy barriers of the two pathways are slightly 

different, manifesting that they can occur simultaneously on the HOOC-CNT. In 

addition, the desorption of the SO4 group from C-SO4 generated in pathway 1 was 

investigated to evaluate the possibility of the regeneration of reactive SO4 radicals (MS 

to FS for the case of –COOH in Figure 3-13). The extremely high Eb of 1.48 eV for 

this process implies that the SO4
•− regeneration is impossible. Thus, the generated 

SO4
•− radicals from PMS is easily inactivated by the α-C of the COOH function. 

Therefore, the COOH groups on CNT do not play a dominant role in activating PMS. 

The rather low Eb of 0.53 eV in O=C-CNT@PMS system manifests that the activation 

of PMS is efficient to break the O-O bond and to produce free radicals, in good 

consistency with the experimental observation. For electrophilic –O-O- and –C-O=O, 

the H-O bond is broken to produce SO5
•−, and the energy barrier was calculated to be 
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0.39 and 0.11 eV respectively, implying that the nucleophilic –C=O and electrophilic 

groups can promote the activation of PMS but in different mechanisms. The ultralow 

Eb value in electrophilic groups manifests the ultrafast formation rate of SO5
•−

 which 

can subsequently transfer into 1O2. These simulation results fit perfectly with our 

experimental observation. 

Finally, the effects of different reaction conditions (reaction time, temperature, PMS 

dosage, catalyst dosage, and solvent) on catalytic efficiency were studied using 

OCNT-800 as a representative catalyst (Table 3-5). At increased reaction time (entries 

1, 2, 3), temperature (entries 2, 4, 5), and PMS loading (entries 2, 9, 10), both the 

BzOH conversion and BzH yield increased but the BzH selectivity decreased due to 

the over-oxidation. Notably, the BzH yield reached 56.9% with 92.2% BzOH 

conversion when the PMS loading was doubled. On the other hand, doubling the 

catalyst dosage (entry 11) slightly increased the conversion, selectivity, and BzH yield. 

The reaction is also strongly influenced by the composition of the solvent. 

Acetonitrile/water turned out to be the best solvent (Table 3-6), and the catalytic 

efficiency was enhanced with a higher proportion of acetonitrile in the solvent (entries 

2, 6, 7), which is possibly due to the limited aqueous solubility of BzOH and the 

hydrophobic nature of CNTs.50 A higher acetonitrile/water ratio facilitates the 

adsorption of BzOH and PMS on CNTs’ surface for further reactions, whereas the 

overhigh acetonitrile/water ratio (entry 8) leads to poor solubility of PMS and hinders 

the reaction. Comparing the results in entry 7 with reported work via different reaction 

systems (summarised in Table 3-7),18, 26, 51-52 BzOH can be oxidized by O2 with 

precious metals or nanocarbon catalysts to obtain over 90 % BzOH conversion/BzH 

selectivity at temperatures larger than 100 ºC. Peroxide oxidants, including H2O2 and 

PMS can afford a high BzH yield (>87%) in homogeneous environment with extra 

additives at low temperatures. Herein, we report a much more favourable reaction 

route to be performed under benign conditions without any additives, for which the 

reaction system can still be optimized to further improve the BzH yield.  
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Table 3-5. Selective oxidation of BzOH under various reaction conditions.a 

Entry 
Temperature 

(ºC) 

Time 

(h) 
PMS/BzOHb AN/Wc 

BzOH 

conversion 

(%) 

BzH 

selectivity 

(%) 

BzH 

yield 

(%) 

1 50 2 1.1 1 44.3 73.4 32.5 

2 50 5 1.1 1 57.6 80.1 46.2 

3 50 10 1.1 1 64.5 70.5 45.5 

4 30 5 1.1 1 33.4 70.5 23.5 

5 70 5 1.1 1 69.7 72.6 50.6 

6 50 5 1.1 0.3 60.1 58.4 35.1 

7 50 5 1.1 3 57.1 84.3 48.1 

8 50 5 1.1 5 24.8 55.3 13.7 

9 50 5 0 1 3.5 13.1 0.4 

10 50 5 2 1 92.2 52.5 56.9 

11d 50 5 1.1 1 57.9 83.2 48.2 

a OCNT-800 (10 mg) was employed as catalyst and 0.2 mmol BzOH was added in 5 

mL solvent.  

b Molar ratio of PMS and BzOH. 

c The volume ratio of acetonitrile (AN)/water (W). 

d 20 mg catalyst was loaded. 

Table 3-6. Selective oxidation of BzOH in different solvents.a 

Solventb 
BzOH conversion (%) 

BzH selectivity 

(%) 
BzH yield (%) 

AN/W-1 57.6 80.1 46.2 

A/W-0.5 53.2 77.8 41.4 

A/W-1 57.1 79.4 45.3 

A/W-2 58.2 79.2 46.1 

A/W-3 59.5 79.4 47.3 

DMF/W-1 43.6 57.4 25.0 

THF/W-1 11.4 24.6 2.8 

MeOH/W-1 6.1 34.4 2.1 

EtOH/W-1 8.2 14.6 1.2 

a OCNT-800 was employed as catalyst and 0.2 mmol BzOH/0.22 mmol PMS was 

added. The reaction was conducted at 50 ºC for 5 h. 

b 10 mL solvent mixture of solvent a/solvent b-x, where x = volume ratio of a:b (AN 

= acetonitrile, A = acetone, DMF = dimethylformamide, THF = tetrahydrofuran, 

MeOH = methanol, EtOH = ethanol, W = water). 

Table 3-7. Comparison of benzyl alcohol oxidation via different reaction systems. 
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Catalyst Oxidant T/ 

ºC 

t/h Additive BzOH 

conversion/% 

BzH 

selectivity/% 

BzH 

yield/% 

Ref 

Graphene 

oxide 

O2 100 24 N/A N/A N/A 92 [26] 

Pd3Pb 

nanocubes 

O2 130 1 N/A 91.3 91.0 N/A [51] 

Cu(II) 

complex, 

soluable 

H2O2 60 24 TEMPO N/A N/A 99 [52] 

N/A PMS N/A 3 NaBr N/A N/A 87 [18] 

MWCNT PMS 50 5 N/A 57.1 84.3 48.1 This 

work 

3.3 Experimental section 

Preparation of annealed CNT samples. Multiwalled carbon nanotubes (MWCNTs) 

were purchased from Timesnano, Chengdu, China. The length, inner diameter, and 

purity of the MWCNT are 10-30 µm, 10-20 nm, and 95%, respectively. The other 

chemicals used in this study were supplied by Sigma-Aldrich. To prepare the annealed 

CNTs, first, 5 g MWCNT was mixed with 250 mL of an acid mixture composed of 1:3 

volume ratio of HNO3 (65-68%) and H2SO4 (95-98%), which was sonicated at 50 ºC 

for 5 h. Then, the acid mixture was diluted and cooled down to room temperature. The 

oxidized MWCNT was filtered and washed with ultrapure water until the pH of the 

filtrate reached 7. The precipitate was dried at 60 ºC for 48 h and ground to obtain the 

oxidized carbon nanotubes (O-CNT). Then, O-CNT (0.5 g) was annealed in a N2 

atmosphere at 400, 600, 800 or 1000 ºC for 1.5 h at a heating rate of 5 ºC/min to obtain 

OCNT-400, OCNT-600, OCNT-800 and OCNT-1000, respectively. 

Iodometric titration of electrophilic oxygen on carbons. A CNT sample (50 mg) was 

added to a mixture containing 5 mL KI (40 g/L), 5 mL H2SO4 (0.05 mol/L), and two 

drops of (NH4)6Mo7O24 (30 g/L). The reactions between electrophilic oxygen on the 

CNT surface and KI are shown in Eqs. 6-7. For convenience, the amount of detected 

I2 was designated as the total amount of electrophilic oxygen. After 5 min sonication 
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followed by 1 h stirring at room temperature in the dark, I− was oxidized to I2. Then, 

the precipitate was filtered out and washed with ultrapure water to remove the 

adsorbed ion and dried at 60 ºC for 12 h. All of the filtrate was collected and then 0.3 

g of the soluble starch indicator was added to the solution. The I2 in the filtrate was 

titrated by Na2S2O3 (2×10-4 mol/L) as demonstrated in (Eq. 8) until the blue color 

disappeared. The total concentration of the electrophilic oxygen (mol/g cat.) on the 

sample was calculated by Eq. 9, where c (mol/g), V (mL) and m (g) represent for the 

electrophilic oxygen concentration, volume consumption of the Na2S2O3 solution, and 

mass loading of the CNTs sample, respectively. 

O2
2− + 2KI + 2H2SO4 → O2− + 2KHSO4 + I2 + H2O         (3-6) 

2O2
− + 6KI + 6H2SO4 → O2− + 6KHSO4 + 3I2 + 3H2O       (3-7) 

I2 + 2Na2S2O3 → 2NaI + Na2S4O6                        (3-8) 

c (electrophilic oxygen) = 1×10-7 V/m                      (3-9) 

Selective deactivation of oxygenated groups on O-CNT. In the preparation of OCNT-

PH, 0.2 g O-CNT, 0.5 g phenylhydrazine (PH), and 100 μL HCl (38%) were mixed in 

10 mL CHCl3 solvent and stirred at 60 ºC for 72 h in a N2 atmosphere in the dark. The 

precipitate was filtered out, washed with CHCl3 several times, and then dried at 60 ºC 

for 24 h to obtain OCNT-PH. 

For the synthesis of OCNT-BA, 0.2 g O-CNT and 1 g benzoic anhydride (BA) were 

mixed in 10 mL CHCl3 solvent and stirred at 60 ºC for 24 h with N2 protection. The 

precipitate was filtered out, washed with CHCl3 several times, and then dried at 60 ºC 

for 24 h to obtain OCNT-BA. 

OCNT-BrPE was prepared as follows: 0.2 g O-CNT and 0.5 g 2-bromo-1-

phenylethanone (BrPE) were mixed in 10 mL CHCl3 solvent and stirred at room 

temperature for 10 h in a N2 atmosphere in the dark. The precipitate was filtered out, 
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washed with CHCl3 several times, and then dried at 60 ºC for 24 h to obtain OCNT-

BrPE. 

The wet chemial reduction of O-CNT was conducted using NaBH4 to transform the 

surface C=O into C−OH groups. For the reduction, 0.1 g O-CNT and 1 g NaBH4 were 

dissolved in 10 mL ethanol and stirred in a N2 atmosphere at 50 ºC for 12 h. The 

precipitate was filtered out, washed with HCl and water, and then dried at 60 ºC for 24 

h to obtain OCNT-NaBH4. 

Catalytic selective oxidation of BzOH. In a typical reaction process for the selective 

oxidation of benzyl alcohol, 10 mg catalyst was added into 10 mL solvent mixture 

(acetonitrile/water = 1:1, volume ratio) in a 25 mL flask and sonicated for 5 min. Then, 

0.2 mmol BzOH and 0.22 mmol PMS (oxone, KHSO5·0.5KHSO4·0.5K2SO4) were 

added to initiate the oxidation. The solution was stirred at 50 ºC for 5 h. After the flask 

was cooled down, 0.2 mmol anisole was injected into the flask as an internal standard. 

A certain volume (1 mL) of the solution was withdrawn by a syringe, and the 

precipitate was filtered by a Millipore film. The organic compounds in the solution 

were extracted by 6 mL of toluene for three times and the organic phase was collected. 

The composition of the products was analysed by GC/MS using a 30 m × 0.25 

mm×0.25 µm HP-5MS capillary column and FID detector. 

Characterization measurements. Transmission electron microscopy (TEM) imaging 

was conducted on a JEOL 2100 microscope. Raman spectra were obtained under 

ambient conditions on a Renishaw Raman spectrometer with a 785 nm laser beam. X-

ray photoelectron spectroscopy (XPS) data were obtained with a Kratos AXIS Ultra 

DLD system using Al Kα radiation. The base pressure was about 1×10-8 torr. The 

binding energy value was referenced to the C1s line at 284.6 eV from defect-free 

graphite. Deconvolution of O 1s spectra was performed using mixed Gaussian-

Lorentzian component profiles after subtraction of a Shirley background using 

XPSPEAK41 software. The electron paramagnetic resonance (EPR) was conducted 
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on a Bruker EMS-plus instrument to record the evolution of free radicals during the 

selective oxidation, and the data were analysed by Xeon software. 5,5-Dimethyl-1-

pyrroline N-oxide (DMPO) and 2,2,6,6-tetramethyl-4-piperidinol (TMP) were used as 

spin-trapping agents. 

Computational methods. To understand the role of different surface oxygen species 

on CNTs, including ketonic carbonyl (–C=O), phenolic hydroxyl (C−OH), carboxylic 

acid (−COOH) and electrophilic peroxide (-O-O-) /superoxide (C-O=O) in the 

activation of PMS, density functional theory (DFT) calculations were performed to 

investigate the adsorption behaviour of PMS on CNTs (include pristine CNT and O-

CNTs). The spin-unrestricted DFT calculations were conducted in Dmol3 package 

using general gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional.53 An all-electron double numerical plus polarization 

(DNP) was employed as the basis set.54 The convergence tolerance of energy was 

assumed at 10-5 Hartree (1 Hartree = 27.21 eV) and the maximal allowed force and 

displacement were 0.002 Hartree/Å and 0.005 Å, respectively. The DFT-D method 

within the TS scheme was used in all calculations to take the van der Waals forces into 

account.55 In the simulations, a nonperiodic cluster model was used for (5, 5) single-

walled carbon nanotubes (SWCNTs) with dangling bonds saturated by H atoms. 

Noteworthy that SWCNT was adopted to simplify the model structure because the 

electronic properties of perfect MWCNTs are rather similar to these perfect SWCNTs 

and the number of CNT walls slightly affected the adsorption.56-59 For the PMS 

molecule adsorbed on CNTs, the adsorption energy Eads is defined as 

Eads = EPMS/CNT - (EPMS + ECNT) 

where EPMS/CNT, EPMS, ECNT are the total energies of the PMS/CNT system, the isolated 

PMS molecule, and CNT in the same slab, respectively. To further investigate the 

activation mechanism of PMS on different CNTs, linear synchronous transit/quadratic 

synchronous transit (LST/QST) tools in Dmol3 package were used, which have been 
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well validated to determine the structure of the transition state and the minimum-

energy reaction pathway.60 

3.4 Conclusions  

We presented a novel approach for the selective oxidation of BzOH to BzH using 

CNTs/PMS and explored the reaction pathways. The catalytic roles played by surface 

carbonyl, phenolic hydroxyl, carboxylic acid, and electrophilic peroxide/superoxide 

groups on CNTs were fundamentally investigated by selective deactivation and small-

molecule mimics. Electrophilic oxygen species on CNTs were quantitatively 

determined and correlated to be the consumable active sites for the generation of SO5
•− 

and SO4
•− radicals. The thermal annealing treatment conferred highly active defect 

sites on CNTs for the attachment of electrophilic oxygen. The carbonyl groups served 

as electron donors to activate PMS into •OH and SO4
•− radicals. The phenolic hydroxyl 

groups on CNTs impeded the BzOH oxidation due to the antioxidation nature that 

inhibits the radical process. Density functional theory (DFT) calculations confirm that 

the nucleophilic –C=O groups can cleave O-O bonds in PMS molecules, while the 

electrophilic peroxide/superoxide groups would generate SO5
•− by the O-H bond 

cleavage from PMS. However, the SO4
•− generated by the O-O bond cleavage is easily 

quenched by the α-C atom on the carboxylic acid group, resulting in a nonsignificant 

effect of the carboxylic acid groups on the PMS activation. The highly active radicals 

generated from PMS dominantly contributed to the selective oxidation of BzOH to 

BzH with over 80% selectivity. The annealed O-CNT at 800 ºC possessed the largest 

amount of electrophilic oxygen groups and thus afforded the highest BzH yield in this 

work. In contrast to the conventional synthesis using precious metals as the catalysts, 

this study provides a new perspective for the selective oxidation of organics with 

carbon-based catalysts and PMS oxidant under benign conditions without other 

promoters or expensive additives. The current catalytic system (CNTs/PMS ) for free-

radical generation can also be applied to other organic synthesis via the selective 
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oxidation scheme. However,  awareness should be raised on the correlation between 

the oxidation potential of the radicals and the energy barrier of different oxidative 

reactions to ensure the selective transformation without over-oxidizing. 
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Chapter 4  Tailoring collaborative N-O functionalities of 

graphene oxide for enhanced selective oxidation of benzyl 

alcohol 

Abstract 

Benzaldehyde (BzH) is an important chemical for industrial feedstock. However, the 

conventional production processes heavily rely on precious metal catalysts and bring 

about unavoidable pollution issues. Here we report a new catalytic process to use N-

doped graphene oxide (NGO) as the catalyst for oxidation of benzyl alcohol (BzOH) 

into BzH by an environmentally benign oxidant, peroxymonosulfate (PMS). Different 

approaches are developed to synthesize carbonylated NGO, which shows higher 

catalytic efficiency than C=O-deficient NGO. The optimized catalyst could achieve 

96% BzOH conversion and unprecedented 82% BzH yield under mild temperature (50 

ºC), superior to some precious metal catalysts reported. The indispensable roles of 

pyridinic N and ketonic C=O groups on the catalyst for such attractive performance 

are unveiled. The pyridinic N and C=O groups could either form an electron bridge 

between BzOH and the oxidant to enable electron transfer for non-radical BzOH 

oxidation, or separately induce the generation of free radicals from PMS to accomplish 

BzOH oxidation. The non-radical oxidation process is more selective in yielding BzH. 

Furthermore the yielded BzH was free from over-oxidation into benzoic acid under 

various reaction conditions, because the unreacted BzOH can quench the radicals and 

BzH can hardly adsorb on graphene sheets, thus inhibiting its further oxidation. This 

work provided a cheap material and mechanic understanding of carbocatalysis for 

green organic synthesis with environmental and economic perspectives. 

The content of this chapter is published in Carbon 2021. 182, 715-724.  
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4.1 Introduction 

Selective oxidation of benzyl alcohol (BzOH) to benzaldehyde (BzH) is an important 

route to manufacture high value-added organic products.1-2 Excellent efficiency has 

been achieved using conventional catalysts such as noble metals in O2. However, the 

noble metals are too expensive for real applications,3-4 and due to the inertness of O2 

molecules, high reaction temperature or addition of promoters such as HNO3 is 

required to attain an ideal BzH yield. In order to tackle those problems, low-cost 

transition metals and nanocarbons could be applied as alternative catalysts.5-10 Also, 

peroxide oxidants such as tert-butyl hydroperoxide (TBHP), hydrogen peroxide 

(H2O2), and peroxymonosulfate (PMS, basically available as a triple salt of potassium 

KHSO5·1/2KHSO4·1/2K2SO4, oxone) have been studied for liquid-phase organic 

oxidation reactions to replace oxygen gas.11-13 These peroxides can be activated under 

mild conditions for oxidative reactions. However, liquid H2O2 and TBHP may have 

safety issues and high cost in transportation and storage, and thus a stable crystal solid 

chemical, PMS, has received intensive attention for both selective and non-selective 

oxidation reactions.14 PMS has an excellent potential for numerous fundamental 

reactions of synthetic chemistry such as selective oxidation of C-H bonds of olefins 

and alcohols to obtain the corresponding oxygenated compounds.11 However, extra 

additives are required to activate PMS to form more reactive and selective oxidizing 

species to accomplish a high yield of target products in these cases.15-21 

In recent years, activation of PMS by carbon-based metal-free catalysts have been 

proposed and extensively studied in the advanced oxidation processes (AOPs) for 

water treatment.22 The sp2 hybridized carbocatalysts with surface carbonyl groups can 

induce the generation of various radicals including SO4
•− (2.5-3.1 V), SO5

•− (1.1 V) 

and •OH (2.7 V), which can non-selectively attack the aqueous organics.23-26 

Furthermore, non-radical AOPs owing to the direct electron transfer from the target 

organics to PMS via the sp2 carbon framework has also been reported.27 However, the 
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reported PMS activation by carbocatalysts was dominantly applied to wastewater 

treatment and rarely used for organic synthesis. Unlike the radical-based AOPs, the 

non-radical pathway sheds lights on the feasibility of applying PMS in the selective 

oxidation. Via catalyst modification, the electron transfer ability and oxidative 

potentials of the PMS-carbocatalyst-organics systems can be tailored to replace the 

precious metal catalysts and expensive/unstable oxidants, thus achieving the selective 

oxidations in an environmentally benign manner. 

Previously, we reported carbon nanotubes for PMS activation toward BzOH selective 

oxidation.28 Dominated by a radical process, this facile reaction could be conducted 

without adding any other co-catalysts or additives under benign conditions. However, 

the BzH yield was still not ideal due to minor mineralization of BzOH into inorganics 

by the highly oxidizing radicals, reducing the selectivity to BzH. Thus, it was inspiring 

to improve oxidative efficiency via non-radical routes. BzH was known to be unstable 

owing to the presence of the aldehyde group and readily suffers from autoxidation into 

benzoic acid (BzOOH) even under air exposure.29 Therefore, over-oxidation was a 

major concern for BzH in the selective oxidation of BzOH. Very unexpectedly, no by-

product of BzOOH was detected, mirroring that further oxidation of the BzH into 

BzOOH did not occur in the carbon nanotube/PMS system,28 while the reason for the 

selectivity not reaching 100% should be that a minimum amount of BzOH completely 

oxidized into CO2 as in most reported AOPs. The reaction behaviour of BzOH and 

BzH towards the radical/non-radical oxidation by PMS deserved further research to 

gain a comprehensive understanding of the intrinsic reaction mechanism and to 

provide guidance for the catalyst design. 

Nitrogen-doped carbon materials have been reported as efficient metal-free catalysts 

for PMS activation in AOPs, especially via the non-radical pathway.27 The nature of 

carbon catalysts, including the surface functional groups and the electrochemical 

properties, could be tailored for improved catalytic efficiency. However, the 

identification of active sites on doped graphene catalysts was usually focused on either 
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N or O species. while the study regarding the synergistic effect of integrated functional 

groups on the catalytic performance has rarely been reported. 

Herein, we present an investigation on tailoring the integrated functionalities of N-

doped graphene oxides (NGO) and their application in highly selective oxidation of 

BzOH to BzH. The non-radical oxidation process was significantly enhanced by tuning 

the surface functionalities to gain a high BzH selectivity. The different reaction 

pathways towards the oxidative NGO/PMS system were explored deeply. The 

underlined role of BzOH against the undesired over-oxidations was also clarified. Thus, 

the current work paved a new way for highly efficient and green carbocatalysis for 

more valuable chemical synthesis. 

4.2. Experimental section 

Materials. Graphite powder, active carbon (AC) and nanodiamond (ND) were 

purchased from Sigma Aldrich. Single-walled carbon nanotubes (SWCNTs) and 

multi-walled carbon nanotubes (MWCNTs) were purchased from Timesnano, China. 

Peroxide hydroxide (~30%) was obtained from Chem-supply. The other chemicals 

were supplied by Sigma Aldrich. 

N-doped carbocatalyst synthesis. Graphene oxide (GO) was first synthesized from 

graphite using the Hummers’ method. N-doped graphene (NGO) was then obtained by 

impregnation and annealing. In a typical process, 1 g GO was finely ground and mixed 

with 1 g urea in a certain amount of water. The mixture was maintained at room 

temperature for 12 h and then dried at 60 ºC. The product was annealed at 400 ºC for 

2 h under N2 protection in an electric furnace. Then the black powder was fully washed 

by water and ethanol and dried at 60 ºC for 24 h to obtain NGO.  
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Other carbon substrates were prepared by the following procedures. One gram 

MWCNTs (or SWCNTs/ND) were added into a mixture of 45 mL H2SO4 (95-98%) 

and 15 mL HNO3 (65-68%) and sonicated for 5 h at 25 ºC. Then the precipitate was 

filtered and thoroughly washed by deionized water. The black carbon nanotubes were 

dried at 60 ºC for 48 h to obtain O-MWCNT (O-SWCNT or O-ND). Then the O-

MWCNT, O-SWCNT, AC and O-ND were employed as different carbon sources to 

prepare the corresponding N-doped carbocatalysts with a similar process as NGO. In 

addition, N(Melamine)-GO and N(NH4NO3)-GO were also synthesized by replacing 

urea with the same mass loading of melamine and NH4NO3 as N precursors. 

Hydrogen peroxide, PMS and KMnO4 were then used as oxidants for the post-

oxidation treatments of NGO, separately. For the synthesis of NGO-H2O2, 0.5 g NGO 

was added into 50 mL H2O2 and stirred under 50 ºC for 5 h. After cooling down, the 

solid was filtered, washed and dried at 60 ºC for 24 h. The formation of NGO-PMS 

and NGO-KMnO4 were carried out with the similar method and the mixture was 

composed of 0.5 g NGO, 0.5 mol oxidant and 50 mL water. 

In addition, preparation of C=O-rich NGO with inorganic additives (NGO-A/N, NGO-

A/Cl, NGO-A/C, NGO-Mg/N, NGO-Fe/N and NGO-Ca/N) was conducted with the 

same procedure as NGO except that 3.8 mmol of inorganic salts were added into the 

mixture at the impregnation step. 

The passivation of carbonyl groups. The elimination of carbonyl groups on NGO and 

NGO-H2O2 was conducted in the following process. Firstly, 100 μL HCl (38%) with 

0.5 g phenylhydrazine (PH) were dissolved in 10 mL CHCl3, followed by adding 0.1 

g NGO. The mixture was stirred under N2 atmosphere at 60 ºC for 48 h in dark. The 

precipitate was then thoroughly rinsed with CHCl3 and ethanol to remove the residual 

PH. Then the solid was dried at 60 ºC for 24 h to obtain NGO-PH. The NGO-H2O2-

PH was prepared in the similar procedure. 
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Selective oxidation of BzOH. The catalytic evaluations of selective oxidation of BzOH 

were performed as follows. In a typical catalytic process, 5 mg catalyst was mixed 

with 2.5 mL water and 2.5 mL acetonitrile in a flask and maintained under sonication 

for 5 min. Then, 0.11 mmol oxone and 0.1 mmol BzOH were added into the flask, 

which was sealed and maintained at 50 ºC. After 5 h, the reactor was cooled down and 

was injected of 0.1 mmol anisole as an internal standard. The mixture after the reaction 

was filtered and the organic phase was extracted by toluene and analysed with GC. 

Materials characterizations. Transmission electron microscopy (TEM) was 

conducted on a JEOL 2100 microscope. Scanning electron microscopy (SEM) was 

carried out using a Zeiss Neon 40EsV FIBSEM. X-ray photoelectron spectroscopy 

(XPS) analysis was performed on a Kratos AXIS Ultra DLD system at a base pressure 

of 1×10-8 torr with Al Kα radiation. The binding energies were referenced to the C1s 

line at 284.6 eV. Raman spectra of graphene samples were obtained on a Renishaw 

Raman spectrometer under ambient conditions using a 785 nm laser beam. Fourier 

transforms infrared spectra (FTIR) were obtained on a Bruker spectrometer. In situ 

electron paramagnetic resonance (EPR) spectra were derived on a Bruker EMS-plus 

instrument using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the radical trapping 

agent. 

4.3 Results and discussion 

For fundamentally understanding of the significant roles of the individual functional 

groups (i.e., N and O species) on the catalysts in the catalytic reactions, a series of 

techniques were employed to modify graphene with varying functionalities and 

contents. In addition, a variety of designed reactions were performed to fully 

understand the oxidation behaviour. 
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4.3.1 Design and synthesis of carbocatalysts with tailored N-O functionalities 

Urea was chosen in this work as it was one of the superior N precursors for the 

preparation of N-doped carbocatalysts in PMS activation.30 The selective oxidation 

reaction of BzOH was performed in acetonitrile/water solution at moderate 

temperature (50 ºC) in the presence of PMS. Several carbon substrates were also 

employed including GO, MWCNTs, SWCNTs, AC and ND. Their corresponding N-

doped catalysts were synthesized by an incipient impregnation and thermal 

decomposition method. The effects of the N doping into different carbon materials on 

the catalytic performance were investigated (Table 4-1). N doped GO achieved 22-

fold enhancement of BzH yield (33.6%) compared with N-free GO (1.5%), while for 

the other carbon materials, the enhancement was below 3-fold. The information of N 

content on the catalysts was obtained from an elemental analysis of the XPS survey. 

With equal urea loading (urea: carbon source =1, mass ratio), the surface N content in 

N-doped GO reached 9.6% while for the other carbons, the N content was less than 

3.1%, indicating that the structural nature of GO was superior to the other carbons in 

attaining more surface N species. The influence of the N precursor loading (urea, from 

10 to 200 wt.%) suggested that, at the weight ratio of urea/GO over 1, the content of 

N species on N-doped GO was saturated and the catalytic performance showed no 

obvious change by further increased urea dosage (Figure 4-1). Therefore, the N-doped 

GO prepared with an equal mass ratio of urea:GO (denoted as NGO) was selected as 

the catalyst for subsequent investigation and discussion. 

Table 4-1. N content and catalytic performances of different carbon sources before 

and after N doping in the selective oxidation of benzyl alcohol. 

Carbon sourcea Treatmentb 
N content 

(at.%)c 

BzOH 

conversion (%)d 

BzH selectivity 

(%)d 

BzH yield 

(%)d 
Folde 

GO 
N free -- 8.2 18.3 1.5 

22.4 
N doped 9.6 42.9 78.3 33.6 

O-MWCNT 
N free -- 51.7 42.3 21.9 

1.1 
N doped 1.2 47.2 50.1 23.6 

O-SWCNT 
N free -- 10.9 67.9 7.4 

1.5 
N doped 1.1 16.1 46.1 11.2 
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AC 
N free -- 14.4 45.2 6.5 

2.7 
N doped 3.2 20.8 84.6 17.6 

O-ND 
N free -- 33.5 50.6 16.9 

0.7 
N doped 1.9 19.2 64.1 12.3 

a The carbon sources include graphene oxide (GO), oxidized multi-walled carbon 

nanotubes (O-MWCNT), oxidized single-walled carbon nanotubes (O-SWCNT), 

activated carbon (AC) and oxidized nanodiamonds (O-ND). 

b The N-free catalysts were prepared following the same procedure as N doped ones 

except that no urea was loaded as the N precursor. 

c The N content of each catalyst was obtained from XPS survey. 

d Reaction conditions: 5 mg catalyst, 0.1 mmol BzOH, 0.11 mmol PMS, 5 mL 

acetonitrile/water (1:1, volume ratio), 50 ºC, 5 h. 

e The enhancement of BzH yield after N doping for each carbon source. 

 

Figure 4-1. The surface N concentration and the selective oxidation of benzyl alcohol 

on the N-GO catalysts prepared with different urea loading amounts. Reaction 

conditions: 5 mg catalyst, 0.1 mmol BzOH, 0.11 mmol PMS, 5 mL acetonitrile/water 

(1:1, volume ratio), 50 ºC, 5 h. 

After urea doping, the oxygen concentration on GO substantially dropped from 28.8 

to 8.2%. In comparison, a control sample (GO-400) was prepared with the same 

procedure as NGO without urea loading. The oxygen concentration of GO-400 

(15.0%) exceeded NGO (8.2%) by a large scale, indicating that the inserted N species 

led to the loss of oxygen groups. Notably, both BzOH conversion and BzH selectivity 
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increased with higher N dosage, indicating the incorporated N species might result in 

higher conversion/selectivity. SEM and TEM images (Figure 4-2 a, b) revealed the 

morphology of highly exfoliated graphene sheets with winkled structures, which were 

commonly observed on N-doped graphene.24, 30 The nano-scaled thin layer structure 

enabled fast mass and charge transfer during the catalytic reactions. Further high-angle 

annular dark-field scanning (HAADF-STEM) images (Figure 4-2 c, left) and 

elemental mapping (Figure 4-2 c, right) indicated the uniform distributions of the 

abundant N and O species on NGO. 

 

Figure 4-2. a) SEM and b) TEM image of NGO (urea as N precursor). c) HAADF-

STEM image (left) and elemental mapping (right) of C, N and O in the selected area 

in the square of NGO. 

The N species on carbon materials were composed of different types, such as graphitic 

or quaternary N, pyrrolic N, pyridinic N and amine. Previous research suggested that 
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the quaternary N served as the active site for PMS activation in AOPs, especially 

endowing the non-radical pathway.27 Besides, the ketonic C=O groups on oxygenated 

carbo-catalysts also played an important role in PMS activation. The ketonic C=O 

groups were electron-rich and thus performed as nucleophilic active sites in various 

reactions.31-33 However, there was still a lack of  comprehensive understanding of the 

catalytic role of the other N species and the correlation between the surface N and O 

groups. It was recently found that the electron affinity (electrophilic and nucleophilic) 

of surface functionalities on the catalyst played a significant role in PMS activation for 

selective oxidation of BzOH by facilitating the electron transfer between the PMS and 

carbon catalysts.28 In this regard, it was a logical consideration to develop highly active 

carbon catalysts with both electrophilic and nucleophilic groups to form an electron 

bridge to further promote the electron transfer from the target organics to PMS.  

 

Figure 4-3. Deconvolution of a) C 1s, b) O 1s and c) N 1s XPS spectra of NGO, NGO-

PMS and NGO-H2O2. The intensity scale was unified for the three samples in each 

spectra group (C1s, O1s and N1s). 
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Figure 4-4. FTIR spectra of GO-400, NGO and NGO-A/N. 

The surface chemistry of NGO was investigated by XPS (Figure 4-3). The 

deconvolution of N 1s spectra of NGO showed that 50% of the N species was pyridinic 

N (398.5 eV), whereas the quaternary N at around 401.3 eV only contributed 14% 

(Figure 4-3 (c), bottom). The peak around 400 eV could be assigned to pyrrolic or 

amine,7, 34-35 but the N-H streching was not observed on FTIR spectra of NGO (Figure 

4-4), so this peak was assignd to tertiary amine. It has been reported that the pyridinic 

N could induce p-type domains on graphene oxide36 to withdraw electrons from the 

adsorbed electron-rich molecules. In this sense, the electron-withdrawing pyridinic N 

and the electron-rich C=O groups might facilitate adsorption of BzOH/PMS to form 

an electron tunnel for the electron transfer from BzOH to PMS. The O 1s XPS spectra 

of NGO could be fitted into two peaks of C-O and C=O species with a relatively low 

C=O/C-O ratio of 0.4 (Figure 4-3 (b), bottom), indicating that the surface oxygen 

functionalities on NGO were dominantly composed of C-O species. The C-O/C=O 

ratio of carbon materials significantly relied on the oxidizing environment,31, 37 which 

provides possibilities to improve the catalytic performance via optimizing the N and 

O functionalities. 

In order to increase the concentration of C=O groups on NGO, oxidation treatment 

was carried out using three typical oxidants (H2O2, KMnO4 and PMS) and the samples 
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were denoted as NGO-H2O2, NGO-KMnO4 and NGO-PMS, respectively. The N 

content of the catalysts and their catalytic activities in the selective oxidation of BzOH 

are summarised in Table 4-2. GO was ineffective in BzOH oxidation (entry 2) 

compared with the catalyst-free test (entry 1). Annealed GO without urea dopant (GO-

400, entry 3) barely improved the catalytic performance. N doping on GO (NGO, entry 

4) profoundly increased the BzOH conversion (42.9%) and BzH yield (33.6%) with a 

relatively high selectivity of 78.3%, indicating that the enhanced catalytic activity of 

NGO was attributed to the N doping. The post-oxidation of NGO further increased 

catalytic performances. Notably, the BzH selectivity kept over 90% for the three 

samples (entries 6,7,8). Among the three oxidized catalysts, NGO-KMnO4 presented 

the lowest catalytic activity because KMnO4 caused a severe loss of the surface N 

species (from 9.6 to 2.4%). The BzH yield of NGO-H2O2 reached 52.2%. However, 

GO-400-H2O2 presented no improvement in catalytic activity (entry 5), indicating that 

both N and O played crucial roles. BzH was the only organic product detected from 

GC-MS analysis, thus most of BzH was free from over-oxidation into BzOOH. 

Table 4-2. Catalytic performances, N and O contents of various carbons in BzOH 

selective oxidationa. 

Entry Catalyst 
N/O content 

(at.%)b 

BzOH 

conversion 

(%) 

BzH 

selectivity (%) 

BzH 

yield (%) 

1 - - 10.2 8.8 0.9 

2 GO -/28.8 9.7 8.2 0.8 

3 GO-400 -/15.0 8.2 18.3 1.5 

4 NGO 9.6/8.2 42.9 78.3 33.6 

5 GO-400-H2O2 -/18.4 8.6 25.1 2.2 

6 NGO-PMS 9.2/20.1 48.7 91.3 44.5 

7 NGO-KMnO4 2.4/27.5 45.8 93.2 42.7 

8 NGO-H2O2 10.5/9.4 56.1 93.1 52.2 

9 NGO-PH 10.8/8.0 31.2 60.5 18.9 

10 NGO-H2O2-PH 13.6/7.7 30.7 55.7 17.1 

11c NGO-A/N 7.5/10.3 62.0 95.3 59.1 

12d NGO-A/N 7.5/10.3 96.0 85.4 82.0 
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a Reaction conditions: 0.1 mmol BzOH, 5 mg catalyst, 0.11 mmol PMS, 5 mL 

acetonitrile-water (volume ratio =1:1), 50 ºC, 5 h. 

b Surface N and O concentrations on fresh catalysts derived from XPS. 

c The reaction time was 3 h. 

d The reaction time was 3 h and the PMS loading was 0.25 mmol. 

 

Figure 4-5. Raman spectra of GO, NGO and NGO-H2O2. 

Raman spectra were adopted to evaluate the graphitic degree of the graphene-based 

catalysts with the peak intensity ratio of D and G (ID/IG) as an indicator (Figure 4-5).38 

After the N-doping, the ID/IG increases from 1.09 (GO) to 1.42, but the post-oxidation 

with H2O2 caused a negligible increase of ID/IG (1.44). It could be inferred that the 

enhanced catalysis after H2O2 treatment was not induced by the change of structural 

defects. The total oxygen content of NGO increased after post-oxidation treatments 

(Table 4-2) because more oxygen species were generated on NGO. The deconvolution 

of C 1s,35, 39-41 O 1s 31 and N 1s 7, 34-35 XPS spectra revealed the evolution of the surface 

N and O states before and after the post-oxidation treatment. For the C 1s XPS spectra 

of NGO, NGO-PMS and NGO-H2O2 (Figure 4-3 (a)), the latter two samples had 

stronger intensity in the binding energy range of 286-290 eV than NGO, which was 

dominantly attributed to the generation of oxygenated groups. Then the O 1s and N 1s 

spectra were deconvoluted to gain detailed information of the composition of O and N 

species. The O 1s XPS spectra (Figure 4-3 (b)) further confirmed that the post-
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oxidation treatment led to the conversion of C-O into C=O on NGO with a higher 

C=O/C-O ratio (NGO: 0.40, NGO-PMS: 1.41 and NGO-H2O2: 1.13) whereas there 

was no visible variation of the composition of N species (Figure 4-3 (c)). From the 

above results, the C=O groups were suggested to play a critical role in N-doped 

graphene catalysis and synergistically worked with the active N species for PMS 

activation. 

4.3.2 Identification of active sites and mechanism of the catalytic routes 

For identifying the catalytic roles of active N and O species and reaction pathway, 

different N precursors (melamine and NH4NO3) were used to prepare more NGO and 

H2O2 treated NGO samples. The XPS elemental analysis, N 1s deconvolution species 

and the catalytic performance of the relevant catalysts are presented in Table 4-3 and 

Figure 4-6. The N content on melamine derived N-GO was as high as 36.2%, 

dominantly composed of graphitic N (71%), with only 12% pyridinic N. The BzH 

yield over melamine derived N-GO reached 29.6%, slightly lower than that of urea 

derived NGO (33.6%). However, after post-oxidation by H2O2, the N content slightly 

reduced to 33.7% without apparent changes of the composition of N species, and the 

BzH yield decreased to 24.5%. For NH4NO3 derived N-GO, the total N concentration 

was 6.4% and was composed of 39% pyridinic N and 23% graphitic N. After H2O2 

treatment, a considerable loss of pyridinic N occurred (graphitic N: 32%; pyridinic N: 

26%; total N content: 4.2%), probably due to the unstable N-graphene configuration 

derived from NH4NO3. As a consequence, the BzH yield dramatically decreased from 

16.7 to 4.2%. These results further confirmed the pivotal role of pyridinic N on NGO 

in PMS activation for BzOH oxidation. 

Table 4-3. The N/O content and catalytic performances of N-doped GO samples 

prepared from different nitrogen precursors before and after H2O2 treatment in the 

selective oxidation of benzyl alcohol. 
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Catalysta N (at.%)b O (at.%)b 
BzOH conversion 

(%)c 

BzH selectivity 

(%)c 

BzH yield 

(%)c 

N(Urea)-GO 9.6 8.9 42.9 78.3 33.6 

N(Urea)-GO-H2O2 10.5 9.3 56.1 93.1 52.2 

N(Melamine)-GO 36.2 8.5 40.5 73.1 29.6 

N(Melamine)-GO-H2O2 33.7 10.6 38.5 63.6 24.5 

N(NH4NO3)-GO 6.4 10.0 32.7 51.0 16.7 

N(NH4NO3)-GO-H2O2 4.2 14.8 15.2 32.4 4.9 

a The three different N precursors derived N-GO and N-GO-H2O2 were prepared 

following the same procedure. 

b The N and O contents of each catalyst were obtained from XPS survey. 

c Reaction conditions: 5 mg catalyst, 0.1 mmol BzOH, 0.11 mmol PMS, 5 mL 

acetonitrile/water (1:1, volume ratio), 50 ºC, 5 h. 

 

Figure 4-6. N 1s XPS spectra of N(Melamine)-GO, N(Melamine)-GO-H2O2, 

N(NH4NO3)-GO, and N(NH4NO3)-GO-H2O2. 

The carbonyl groups on carbon materials could be selectively deactivated by 

phenylhydrazine (PH) via a specific reaction.42 The C=O groups reacted with 

hydrazine to form a -C=N-N- structure, leading to the increased N concentration. The 

N and O contents of NGO and NGO-H2O2 before and after the C=O deactivation are 
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illustrated in Table 4-2, entries 9 and 10. For NGO-H2O2, the increase of N 

concentration (+3.1%) and decrease of O concentration (-1.7%) after the PH treatment 

was more significant than NGO (+1.2% and -0.2%), confirming that the C=O species 

on NGO were enriched after H2O2 post-oxidation. As expected, NGO and NGO-H2O2 

suffered from a sharp decrease in both BzOH conversion and BzH selectivity owing 

to the deactivated C=O groups. Notably, the PH treated NGO and NGO-H2O2 showed 

similar catalytic efficiency, revealing that the enhanced catalytic performance by post-

oxidation treatment was attributed to the created C=O groups. At this stage, the 

essential role of C=O species on NGO was verified and C=O was responsible for the 

improved conversion/selectivity. 

The evolution of radicals during the activation of PMS was probed by EPR. Very weak 

signals of radicals were observed in EPR spectra without a catalyst and the generation 

of sulfate radicals and hydroxyl radicals were greatly enhanced upon the addition of 

NGO-H2O2 as suggested in Figure 4-7. A series of quenching tests were also 

performed for an in-depth understanding of the reaction pathways (radical/non-radical) 

in this system. Ethanol was employed as a strong quenching agent for both hydroxyl 

and sulfate radicals while tert-butanol (TBA) served as an effective •OH scavenger.28 

The quenching effect of ethanol dosage on the reaction performances over NGO and 

NGO-H2O2 was presented in Figure 4-8 (a) and (b). A rapid drop of BzOH conversion 

and BzH yield was observed with increased dosage of ethanol, suggesting the 

importance of the radicals in selective oxidation of BzOH into BzH. When the 

acetonitrile solvent was completely replaced by ethanol, BzH selectivity increased 

remarkably and NGO-H2O2 possessed a higher BzH yield (29.1%) than NGO (14.1%). 

This suggests the BzOH oxidation was performed with both radical and non-radical 

routes and the non-radical oxidation route enables higher selectivity towards BzH. The 

addition of TBA only caused a slight decrease of reaction efficiency relative to ethanol 

(Figure 4-9). Therefore, sulfate radicals were suggested to be more effective for the 

selective oxidation of BzOH than hydroxyl radicals. Moreover, the different 

contributions of non-radical and radical processes to the BzH yield could also be 
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roughly determined by assuming that the BzH yield in the maximum ethanol dosage 

experiment was due to the non-radical reaction. Both the non-radical and radical 

processes were enhanced after post-oxidation of NGO and the non-radical reaction 

showed a more significant increase (Figure 4-10). It could be inferred that the radical 

and non-radical processes were simultaneously facilitated by the enriched C=O 

groups, and the non-radical oxidation route was more selective in BzOH oxidation. 

Likewise, the role of N species in the radical/non-radical process was investigated by 

altering the urea dosage during NGO preparation (from 10 to 100%, Figure 4-11). 

Similarly, both radical and non-radical reaction rates increased with a higher N 

content. These results revealed that the C=O and N species were actively involved in 

both radical and non-radical oxidation reactions. 

 

Figure 4-7. In-situ EPR spectra of NGO-H2O2 catalyzed PMS activation and blank 

control in the presence of DMPO (DMPO-•OH-●, DMPO- SO4
•−-♦). Conditions: 5 mg 

catalyst, 0.1 mmol BzOH, 0.11 mmol PMS, 5 mL acetonitrile/water (1:1, volume ratio), 

50 ºC. 



Chapter 4 

105 

 

Figure 4-8. The influences of ethanol dosage on the selective oxidation of benzyl 

alcohol with a) NGO and b) NGO-H2O2. The ethanol dosages were set as 1 equivalent 

of PMS (1eq), 100-fold of PMS (100 eq) and replacing the acetonitrile solvent with 

ethanol (Et/W), respectively. c) Linear-sweep voltammograms of different catalysts 

([Na2SO4]=0.1M). d) Stability and recycling test of NGO-H2O2. Reaction conditions 

of a), b) and d): 0.1 mmol BzOH, 5 mg catalyst, 0.11 mmol PMS, 5 mL 

acetonitrile/water (volume ratio =1:1,), 50 ºC, 5 h. 

 

Figure 4-9. The influence of tert-butanol (TBA) dosage (no quench, 1 equivalent to 

PMS and 30 equivalent to PMS) on the selective oxidation of benzyl alcohol with a) 

NGO and b) NGO-H2O2. 
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Figure 4-10. The radical/non-radical reaction contribution to the BzH yield of NGO 

and NGO-H2O2 catalyst. The contribution of non-radical process (Y(BzH)ethanol) was 

obtained by replacing acetonitrile with ethanol in the solvent. The contribution of 

radical process was calculated as: Y(BzH)-Y(BzH)ethanol, wherein Y(BzH) refers to the 

BzH yield of non-ethanol involved reaction. 

 

Figure 4-11. The radical/nonradical reaction contributions to the BzH yield of NGO 

derived from different urea dosage amount (10-100 wt.%).  
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Figure 4-12. Deconvolution of O 1s and N 1s XPS spectra of fresh and used NGO-

H2O2. 

As the carbocatalyst-mediated electron transfer was crucial for the non-radical 

pathway, linear sweep voltammetry (LSV) tests were conducted to measure the 

electrochemical properties of the catalysts. As shown in Figure 4-8 (c), in the presence 

of PMS/BzOH, the electron transfer ability of the catalysts followed an order of NGO-

H2O2 > NGO > GO, agreeing well with the catalytic performance especially the non-

radical oxidation. In addition, NGO-H2O2 possessed better stability in comparison 

with our previously reported carbocatalysts,28 with only 7.9% decrease in BzOH 

conversion and 7.7% decrease in BzH yield after 4 runs (Figure 4-8 (d)), indicating 

that most of the active sites were well maintained after the reaction. Figure 4-12 

suggests that the oxygen content of the used catalyst (13.4 at.%) was slightly higher 

than the fresh one (9.4 at.%), due to the surface oxidation of catalyst in PMS 

environment (such as the transformation of C-O/C=O into O-C=O), which could 

possibly lead to the minor deactivation.43 
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4.3.3 Preparation of the C=O-rich NGO with inorganic additives 

For further confirmation of the hypothesis, a one-step method was developed to 

prepare a C=O-rich NGO catalyst from GO by introducing additives during the 

preparation. A solid-state synthesis method has been reported, employing magnesium 

nitrate to produce reduced GO and annealed CNTs based MgO-nanocarbon hybrids 

with high C=O concentration.44-45 In this work, both non-metallic salts including 

NH4NO3 (A/N), NH4Cl (A/Cl), NH4HCO3 (A/C) and metallic nitrate salts were tested 

individually as additives with urea to prepare the C=O-rich NGO. The ketonic C=O 

content was greatly enhanced by the addition of non-metal salts (Figure 4-13 (a)). 

Likewise, similar results were observed when replacing the non-metal salts with 

Mg(NO3)2, Ca(NO3)2 and Fe(NO3)3 (Figure 4-13 (b)). The FTIR spectra of NGO-A/N 

exhibited an obvious increase of C=O groups at 1716 cm-1 compared with NGO,46-48 

confirming the successful generation of C=O (Figure 4-4). It was inferred that loading 

either non-metallic or metallic salts into the NGO preparation could enrich the ketonic 

C=O groups, possibly due to the etching of graphene sheets by the decomposition of 

the salt, which led to more defect sites for the selective generation of C=O. In terms of 

the catalyst evaluation, all the applied inorganic salts were able to enhance the catalytic 

efficiency (Table 4-4). The BzH selectivity and yield were raised to over 90% and 50% 

by the addition of salts in the catalyst preparation. NGO-A/N showed the best 

reactivity after 3 h reaction at the PMS/BzOH molar ratio of 1.1 to generate BzH in 

59.1% yield and 95.3% selectivity, superior to NGO-H2O2 (Table 4-2, entries 8 and 

11). The cycling/stability tests (Figure  4-14 (a)) and ethanol quenching results 

(Figure 4-14 (b)) on NGO-A/N were like these on NGO-H2O2. When the radicals were 

quenched with full ethanol dosage, 34.9% BzH yield was remained compared with 

59.1% BzH yield from the no-quenching test, indicating that over half of the performed 

oxidation was originated from the non-radical reaction. These results provided 

convincing proofs to the previous conjecture that the N species and C=O were co-

active sites for BzOH oxidation in PMS activation. Besides, the oxidation reaction 

performed under various conditions by adopting NGO-A/N as the representative 
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catalyst showed that the increased temperature, reaction time, catalyst and PMS dosage 

could lead to improved conversion of BzOH and yield of BzH (Table 4-5). The BzH 

selectivity remained almost at a similar level regardless of the change of reaction 

conditions, indicating that such a highly selective reaction system was robust and 

suitable for a wide range of working conditions. In this work, the highest BzH yield of 

82% was obtained at a PMS/BzOH ratio of 2.5 with 96% BzOH conversion and 85.4% 

selectivity (Table 4-2, entry 12), which was even superior to that of a noble-metal 

(Pd/Pb) catalyst with higher conversion (96 versus 91.3%) and lower temperature (50 

versus 130 ºC).49 

 

Figure 4-13. Deconvolution of O 1s XPS spectra of various NGO catalysts. 
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Figure 4-14. (a) Stability and recycling tests of NGO-A/N. (b) Effect of quenching 

agent (ethanol) on selective oxidation of BzOH by NGO-A/N.  

Table 4-4. Composition of surface N and O species on catalysts and their catalytic 

activity in selective oxidation of BzOH. Reaction conditions: 5 mg catalyst, 0.1 mmol 

BzOH, 0.11 mmol PMS, 5 mL acetonitrile/water (1:1, volume ratio), 50 ºC, 3 h. 

Catalyst 

O/N 

content 

(at. %) 

C-O 

content 

(at. %) 

C-O-C 

content 

(at. %) 

C=O 

content 

(at. %) 

BzOH 

conversion 

(%) 

BzH 

selectivit

y (%) 

BzH 

yield 

(%) 

NGO 7.8/9.3 2.7 2.6 2.0 46.2 81.3 37.5 

NGO-A/N 7.5/10.3 1.6 1.3 4.3 62.0 95.3 59.1 

NGO-A/Cl 7.2/9.9 1.7 1.5 3.5 60.3 96.0 57.9 

NGO-A/C 7.7/9.3 2.1 1.7 3.5 59.2 95.1 56.3 

NGO-Mg/N 8.4/10.2 2.1 2.3 3.1 59.7 94.1 56.2 

NGO-Ca/N 8.2/9.4 1.6 2.0 4.2 59.4 93.9 55.8 

NGO-Fe/N 7.2/10.8 1.7 1.7 3.4 55.1 93.4 51.5 

Table 4-5. Selective oxidation of BzOH under different conditions by employing 

NGO-A/N as representative catalyst. The reactions were undertaken in 5 mL 

acetonitrile/water mixture containing 0.1 mmol BzOH. 

 

Entry Catalyst 

dosage 

(mg) 

Reaction 

time (h) 

Tempera

ture (ºC) 

PMS/BzOH 

(molar 

ratio) 

BzOH 

conversion 

(%) 

BzH 

selectivity 

(%) 

BzH 

yield 

(%) 

1 2.5 3 50 1.1 61.1 96.2 58.8 

2 5 3 50 1.1 62.0 95.3 59.1 

3 10 3 50 1.1 63.6 94.6 60.2 

4 5 1 50 1.1 52.6 93.0 48.9 

5 5 2 50 1.1 58.6 95.2 55.8 
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6 5 5 50 1.1 63.9 92.8 59.3 

7 5 3 35 1.1 61.0 86.5 52.8 

8 5 3 65 1.1 65.2 94.7 61.8 

9 5 3 50 0.6 34.1 95.5 32.6 

10 5 3 50 2 85.7 93.1 79.8 

11 5 3 50 2.5 96.0 85.4 82.0 

12 5 3 50 3 98.2 79.5 78.1 

4.3.4 Catalytic mechanism elucidation 

It is concluded from the above results that the pyridinic N and carbonyl C=O are dual 

active sites in both radical and non-radical oxidation of BzOH into BzH. We speculate 

the non-radical reaction was accomplished by mediated electron transfer via the 

surface complex based on the test of LSV curves (another proof will be provided in 

the next section). It has been reported that the electrophilic pyridinic N shows strong 

basicity against the other N species and is prone to adsorb the –OH groups from 

alcohols to facilitate the oxidation.50 Besides, PMS molecules could be activated on 

both electrophilic and nucleophilic functional groups. The adsorption of PMS on 

nucleophilic C=O led to the rupture of O-O bond to deliver SO4
•− and •OH radicals,25 

while the adsorption of PMS on electrophilic species could result in the O-H bond 

cleavage (H-OOSO3) to generate SO5
•− radicals for subsequent oxidations.28 

Based on that, a possible mechanism of the reaction pathways using the prepared NGO 

was schematically shown in Figure 4-15. The modified NGO was equipped with 

abundant pyridinic N and carbonyl species and could activate PMS for the selective 

oxidation of BzOH into BzH via both radical and non-radical processes. When the 

pyridinic N and C=O species were located closely on the edges of graphene planes, 

the pyridinic N could induce electrophilic domains on adjacent graphene layers and 

attract the electron-saturated branch in BzOH whereas the electron-rich C=O groups 

were related to the -O-O- configuration in PMS. The electron transfer from BzOH to 

PMS occurred subsequently through the highly conjugated π system of graphene to 

accomplish the non-radical pathway. BzH was produced from BzOH by donating two 
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electrons to PMS and releasing two H atoms to the solvent. On the other hand, the 

isolated N and C=O could adsorb and activate PMS by capturing electrons from PMS 

to generate SO5
•− radicals which could further decompose into SO4

•− radicals, or 

donating an electron to PMS to form SO4
•− and •OH radicals. The generated reactive 

radicals would subsequently react with BzOH to generate BzH. A plausible reaction 

pathway between BzOH and radicals is provided assuming that the radicals firstly 

attract an α–H from BzOH to derive the PhCHOH• radical, since the α–H from the 

BzOH molecules was reported to quench the radicals 29 (will be further verified in the 

next section). The catalyst maintained the electron balance and stability via the transfer 

of delocalized electrons in both radical and non-radical processes.  

 

Figure 4-15. Proposed mechanism of the radical/non-radical pathways for selective 

oxidation of BzOH over the optimized NG. 
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4.3.5 Underlined mechanism for BzH without deep-oxidation 

In theory, the oxidation of BzOH could result in the formation of BzH (marked by the 

blue arrow), or further oxidation product of BzOOH (marked by the red arrow) as 

displayed in Figure 4-16 (a). However, in this NGO/PMS system, the deep-oxidation 

of BzH into BzOOH was not observed as mentioned above. To fully understand the 

oxidation behaviour, especially why BzH was free from deep-oxidation, the individual 

and competitive reactions of BzOH and BzH towards the PMS/NGO system were 

performed. Firstly, BzOH and BzH were individually loaded into the reaction system 

with different PMS dosage. When BzOH was the only reactant, its conversion was 

remarkably increased with higher PMS dosage (Figure 4-16 (b)). BzH was detected as 

the only organic product even at the 2.5-fold PMS dosage, and no BzOOH was found 

in the product. However, when BzH was the oxidation substrate, BzH was selectively 

oxidized into BzOOH with 70-80% selectivity (Figure 4-16 (c)). A nearly linear 

relationship was observed between the BzH conversion and the PMS concentration. 

Ethanol quenching tests were performed to probe the oxidation pathway of BzH, and 

the result was shown in the inset of Figure 4-16 (c). The BzH conversion was sharply 

reduced from 61.4% to 3.5% after adding ethanol. Therefore, the BzH to BzOOH 

reaction route in the PMS/NGO system was only applicable via radical processes in 

the absence of BzOH. The absence of non-radical oxidation of BzH is possibly because 

the aldehyde groups have weaker acidity than alcohols, thus the adsorption of 

benzaldehyde on pyridinic N is hard to occur. Moreover, this observation suggests that 

the non-radical oxidation of BzOH was attributed to the electron-transfer via the 

surface-adsorbed chemicals instead of the widely reported singlet oxygen (1O2). The 

1O2 was proven to be generated via the interaction of the catalyst and PMS, regardless 

of the organic reactant,51 thus the fact that BzH could only be oxidized by the radicals 

ruled out the possibility of the oxidation of BzOH by 1O2 since BzH possessed a more 

oxidizable nature than BzOH. When an identical amount of BzOH and BzH co-existed 

in the system, the ascending curve of BzOH conversion with the increased PMS dosage 

was observed (Figure 4-16 (d)), similar to Figure 4-16 (b). However, the conversion 
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of BzH was kept below 2% (calculated according to the selectivity level of Figure 4-

16 (b)), indicating that BzH can hardly be oxidized due to the presence of BzOH. 

Therefore, it was suggested that BzH is free from deep-oxidation during the selective 

oxidation of BzOH due to the unreacted BzOH serving as the terminating agent. 

It has been reported that the α–H from the BzOH molecules could quench the radicals 

and minimize the autoxidation of BzH,29 which might help explain the inhibitive effect 

of BzOH on the radical-based BzH oxidation. To prove that, identical amount of 1-

phenylethanol, toluene and ethylbenzene were added to the BzH oxidation system 

individually to demonstrate the influence of the α–H-containing benzylic alcohol on 

BzH oxidation. The results demonstrated that all the added chemicals could inhibit the 

BzH oxidation, but the inhibition influence was associated with the chemical 

structures. The 1-phenylethanol molecule with one α–H was less effective in 

suppressing the BzH conversion compared with BzOH with two α–H (Figure 4-17 and 

Figure 4-16 (d)), but still more inhibitive than toluene and ethylbenzene containing no 

hydroxyl α–H. Based on these observations, it was suggested that the benzylic alcohols 

with α–H was more reactive than aliphatic C-H towards the radicals and could inhibit 

the radical-chain oxidation of BzH. Overall, the selectivity of the BzOH to BzH in 

PMS/NGO reaction system could naturally reach a high level and the over-oxidation 

of BzH was blocked via both non-radical and radical routes. 
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Figure 4-16. a) The oxidation behaviour of BzOH in PMS/graphene system. b) 

Oxidation of only BzOH with different PMS dosage. c) Oxidation of only BzH with 

different PMS dosage (the inset showed the decrease of BzH conversion when the 

acetonitrile in the solvent was replaced with ethanol). d) Oxidation with the co-

existence of BzOH and BzH. Reaction conditions: 0.1 mmol BzOH (applicable to (b) 

and (d)), 5 mg NGO-A/N, 0.1 mmol BzH (applicable to (c) and (d)), 5 mL acetonitrile-

water (volume ratio =1:1), 50 ºC, 3 h. 
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Figure 4-17. The inhibition effect of different benzylic chemicals including 1-

phenylethanol (EBOH), ethylbenzene (EB) and toluene (TOL) on the oxidation of 

BzH. Reaction conditions: 5 mg NGO-A/N, 0.1 mmol BzH, 0.1 mmol benzylic 

compound, 0.11 mmol PMS, 5 mL acetonitrile/water (1:1, volume ratio), 50 ºC, 3 h. 

4.4 Conclusions  

We report the development of carbonylated N-doped graphene catalysts for the 

selective conversion of BzOH into BzH by PMS with high efficiency under benign 

conditions. The surface C=O groups were enriched by either post-oxidation treatment 

of NGO or adding inorganic salts during the preparation of NGO. A BzOH conversion 

of 96% and BzH selectivity of 85.4% were achieved on an optimized carbocatalyst via 

both non-radical and radical processes. The experimental results indicated that the 

doped N species and carbonyl groups (C=O) made joint contributions to the enhanced 

radical and non-radical activities, of which the non-radical oxidation could afford 

higher BzH selectivity. The electron-withdrawing pyridinic N sites were integrated 

with the PMS molecules to build a bridge for the electron transfer from the adsorbed 

BzOH to PMS to accomplish the non-radical oxidation process. For the isolated 

pyridinic N and C=O, each of these two functional groups could adsorb and activate 

PMS to generate various radicals for subsequent BzOH oxidation. Sulfate radicals 

played the dominant role for the radical-based BzOH oxidation. BzH remained to be 
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the sole product under the testing conditions as the deep-oxidation of BzH into BzOOH 

could neither occur in radical nor non-radical route due to the presence of unreacted 

BzOH. The presence of BzOH would inhibit the over-oxidation of BzH by radicals by 

quenching the radicals at its α–H to cease the autooxidation of BzH. This study 

revealed the intrinsic nature of the selective reaction via PMS/NGO system for BzOH 

conversion to BzH, which might provide a versatile strategy using such functionalized 

graphene catalysts for the selective oxidation of other organics. 
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Chapter 5  Selective oxidation of alcohols by graphene-like 

carbon with electrophilic oxygen and integrated pyridinic 

nitrogen active sites  

Abstract 

The selective oxidations of alcohols into the corresponding aldehydes or ketones are 

essential reactions for organic synthesis. The development of facile, green and cost-

effective protocols to accomplish the selective oxidation is highly attractive. Here we 

present the selective oxidation of aromatic alcohols by peroxymonosulfate (PMS) 

oxidant with N-doped graphene-like carbon (NG) synthesized via a metal-free 

approach without producing a large amount of hazardous wastes. In the tested selective 

oxidation reaction, over 96% of benzyl alcohol (BzOH) was converted into 

benzaldehyde (BzH) with high selectivity under mild conditions. The synthesized NG 

catalyst contains abundant electrophilic oxygen species, serving as the major active 

sites for the generation of reactive radicals from PMS to endow the selective oxidation 

of BzOH in the radical pathway. The N species, especially the integrated pyridinic N 

create electron-withdrawing and electron-donating regions for BzOH and PMS 

adsorption, enabling the non-radical oxidation of BzOH via the electron transfer 

through the surface coordinated complex. This work opens a new avenue to convert 

metal-free raw materials into effectively functionalized carbon materials, coupled with 

their potential applications in the selective oxidation of alcohols. 

The content of this chapter is published in Nanoscale: 2021, 13, 12979-12990.
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5.1 Introduction 

Cost-effective and environmentally benign synthesis of aldehydes and ketones from 

the selective oxidations of their corresponding alcohols is of great importance in the 

manufacture of pharmaceuticals, dyes and perfumes, or direct use as solvents.1 The 

traditional oxidation methods using stoichiometric oxidants suffer from high cost, 

toxicity and poorly controlled selectivity. To overcome these shortcomings, 

heterogeneous catalytic systems with environment-friendly catalysts/oxidants have 

been explored. The majority of the established oxidation strategies depend on the 

expensive noble-metal catalysts to overcome the high oxidation potentials of many 

alcohol substrates, usually under thermal conditions.2-5 To avoid the issue of scarcity 

or toxicity of the metal-based catalysts and attain better sustainability, metal-free 

materials, especially nanocarbon catalysts underwent fast development in the past 

decade.6-7 For instance, tremendous efforts have been devoted to the synthesis of 

functionalized graphene and carbon nanotubes (CNT) for selective oxidation of 

alcohols, with some nanocarbon catalysts showing comparable activity to the metal 

catalysts in oxidative reactions with superior recyclability and recoverability.8-11 

Graphene-based materials have stimulated immense research enthusiasm as either 

multifunctional catalysts or catalyst supports owing to their tunable chemical and 

mechanical properties.12-13 Chemical exfoliation is one of the most important protocols 

for large-scale preparation of graphene oxide and its derivatives, especially the widely 

used Hummer’s method,14 but this process produces a large amount of hazardous and 

corrosive liquid waste via complex procedures, which is against the eco- and 

environmental considerations. High-quality graphene nanosheets can be manufactured 

with the chemical vapor deposition on metal catalysts such as Cu and Ni,15-16 whereas 

the use of gaseous carbon source is unfavourable for the facile synthesis of graphene 

with widely available feedstock. Nitrogen-doped graphene-like carbon can be 

produced through a pyrolysis method from biomass either with or without metal 
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catalysts.17-18 The doped N species on graphene have been proven as active sites in a 

variety of reactions, leading to substantially enhanced catalytic performances.8, 19-21 

For the metal-free synthesis of graphene, glucose is frequently used as the carbon 

precursor and N-rich organics such as urea and dicyandiamide as N precursors.19, 22 

The graphitization degree increases with higher N precursor/C precursor mass ratio 

(MN/C), hence the MN/C is normally over 10 in these cases. It’s noteworthy that the 

catalytic performances of graphene-based catalysts are linked to a variety of factors 

besides the graphitization degree, including the chemical composition of N and O 

species, thus the scientific understanding and identification of the individual role of 

the functionalities are at the core of the target catalytic reactions. 

In this work, we reported the metal-free synthesis of N-doped graphene-like carbon 

(NG) using starch as the carbon precursor and urea as the N precursor with low MN/C, 

as well as a minor loading of ammonium nitrate to facilitate the formation of thin-

layered graphene film. The prepared NG delivered advanced activity in the selective 

oxidation of aromatic alcohols including benzyl alcohol (BzOH) and 1-phenylethanol 

(1-PE) by the activated peroxymonosulfate (PMS, HSO5
−) oxidant. Compared with the 

frequently employed gas and liquid oxidants such as oxygen,23 hydrogen peroxide 24 

and tert-butyl hydroperoxide (TBHP),25 PMS as a low-cost and stable solid oxidant 

can avoid the safety issues such as transportation and storage and is energy-effective 

to produce reactive oxidizing species in mild environment. PMS has been dominantly 

devoted to the non-selective oxidative removal of aqueous contaminants26-27 while its 

feasibility in selective oxidation via the catalytic activation is rarely reported. Herein, 

the fabricated NG samples endowed highly selective transformation of BzOH into 

benzaldehyde (BzH) with 96.1% BzOH conversion and 81.9% BzH yield by the 

activated PMS through the combination of radical and non-radical processes. The 

electrophilic oxygen (peroxides and superoxide species) and integrated pyridinic N 

species were identified as dual active sites for the selective oxidation. Our work offers 

a facile way to the fabrication of carbonaceous material for selective oxidation of 

alcohols. 
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5.2. Experimental section 

Materials and chemicals. The chemicals used for the NG synthesis and selective 

oxidation reactions were all purchased from Sigma-Aldrich. Potassium 

peroxymonosulfate (oxone, KHSO5·1/2KHSO4·1/2K2SO4) was applied as the PMS 

oxidant. 

Synthesis of N-doped graphene-like carbon (NG). For the fabrication of NG, 1 g 

starch (soluble, ACS reagent), 4 g urea and 2 g ammonium nitrate (AN) were dissolved 

in 20 mL ethanol and stirred at 45 ºC until fully vaporized. The obtained white solid 

was ground into powder and annealed at the target temperature (600, 700, 800, 900 

and 1000 ºC) for 2 h at a heating rate of 1 ºC/min under N2 protection. After naturally 

cooled down, the carbonized black solid was ground to powder and then mixed with 

10 mL HNO3 (70%, ACS reagent) to remove the impurities and to stablize the 

carbonaceous material in oxidative environment to aviod the catalyst consuming 

oxidant in the subsequent catalytic reactions. Finally the solid catalyst was filtered out, 

washed with water and ethanol and dried overnight in an oven at 60 ºC. The obtained 

catalyst was denoted as NG-x (x=600, 700, 800, 900 and 1000, respectivly according 

to the pyrolysis temperatures). For comparison, the samples prepared with identical 

mole amount of magnesium nitrate, ammonium chloride and no additive salt instead 

of AN at 800 ºC were denoted as NG-800(MgN), NG-800(ACl) and NG-800(blank), 

respectively. NG-800(10:1) was prepared with the mass ratio of urea:starch=10:1 

without additive salt. 

Determination and deactivation of electrophilic functionalities on NG samples. The 

electrophilic oxygen species (peroxide O2
2− and superoxide O2

−) on NG samples were 

determined via the iodometric titration method, as depicted in Equations (5-1) to (5-

4). Both the peroxide and superoxied species could oxidize I− into I0 which was 

subsequently titrated with Na2S2O3. For convenient calculation, the amount of titrated 
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I2 was used to reflect the sum of electrophilic oxygen species. Taking NG-800 for 

example, 5 mg NG-800 was mixed with 10  mL solution containing KI (20 g/L), 

H2SO4 (0.025 mol/L) and (NH4)6Mo7O24 (0.3 g/L). The mixture was sonicated for 5 

min then stirred for 1 h under room temperature. The whole operation was performed 

in the darkness to prevent the degradation of I− by the light. The precipitate was filtered 

and washed with ultra-pure water for several times and the filtrate was collected. The 

precipitate was dried in an oven at 60 ºC overnight to obtain NG-800(KI). For the 

titration of I2, 0.3 g starch indicator was loaded in the filtrate to obtain the blue 

suspension, followed by the titration with Na2S2O3 (2×10-4 mol/L) (Equation (5-3)). 

The amount of electrophilic oxygen (mol/g cat.) on NG-800 was calculated from 

Equation (5-4), where c (mol/g), V (mL) and m (g) represent for the concentration of 

the electrophilic oxygen (normalized by the amount of I2), the volume of Na2S2O3 

solution and the mass loading of NG-800, respectively. 

O2
2− + 2I− → 2O2− + I2               (5-1) 

2O2
− + 6I− → 4O2− + 3I2              (5-2) 

I2 + 2Na2S2O3 → 2NaI + Na2S4O6       (5-3) 

c = 1×10-7 V/m                      (5-4) 

Catalytic oxidation of alcohols. The selective oxidation of alcohols was carried out in 

a 50 mL three-necked flask. Firstly, 10 mg catalyst was mixed with 10 mL solvent 

containing 5 mL acetonitrile and 5 mL water, followed by sonication for several 

minutes until the catalyst was scattered throughout the solvent. Then a certain amount 

of  oxone and 0.2 mmol alcohol substrate were added into the mixture to start the 

reaction. The flask was sealed and stirred in an oil bath at the aimed temperature for 5 

h. After the reaction, 0.2 mmol anisole was injected into the reactant as internal 

standard. The catalyst was filtered out and the organic reactants/products in the 

solution were extracted with toluene for three times (the volume ratio of toluene and 
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reaction solution was 6:1 totally). The whole organic phase was collected and analysed 

by gas chromatography (GC). The quenching experiments were performed with 

different dose of tert-butanol or ethanol in the solvent. 

Characterization. Transmission electron microscopy (TEM) imaging, scanning 

transmission electron microscopy (STEM) imaging and energy-dispersive x-ray 

spectroscopy (EDS) elemental mapping were conducted on a FEI TALOS FS200X G2 

FEG TEM. Scanning electron microscopy (SEM) imaging was performed on a NEON 

FIB-SEM instrument. Raman spectra were obtained on a Renishaw Raman 

spectrometer with a laser beam of 785 nm. X-ray photoelectron spectra (XPS) were 

obtained on a Kratos AXIS Ultra DLD fitted with AlKα source. The pressure of the 

sample analyse chamber was around 1×10-8 torr. The binding energies were adjusted 

by shifting the C 1s peak to 284.6 eV. The deconvolution of XPS spectra were 

performed using XPSPEAK41 software applying Gaussian-Lorentzian component 

profiles after subtraction of a Shirley background. The X-ray diffraction (XRD) was 

measured on a Bruker D8 Advance diffractometer using Cu-Kα radiation with 

λ=1.5406 Å. The 2θ range was between 5 to 90º at a scanning rate of 2º/min. The N2 

adsorption and desorption isotherms were conducted on a Tristar II 3020 instrument 

(Micromeritics) in liquid nitrogen environment (−196 ºC) to obtain the specific surface 

area of different NG samples using BET method. 

5.3 Results and discussion 

5.3.1 Characterizations of catalysts 

The SEM images reveal the morphology of NG samples prepared at different 

annealing temperatures (600-100 ºC) with ammonium nitrate additive as depicted in 

Figure 5-1. At 600 ºC, layered carbon nitride was formed due to the condensation of 

urea 22 confined with the carbonized intermediate of starch. The graphene-like flakes 

began to appear at the temperature of 700 ºC, and the stacked carbon nitride layers 
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were fully exfoliated and pyrolysed into graphene sheets at 800 and 900 ºC. NG-800 

demonstrated thin-layered graphene with many wrinkles as suggested from SEM and 

TEM imaging (Figure 5-2 (a) and (b)), which was usually observed on N-doped 

graphene.28-29 HAADF-STEM and elemental mappings confirmed the uniformly 

scattered N and O species over the graphene sheets (Figure 5-2 (c)). At the annealing 

temperature of 1000 ºC, the graphene flakes started to decompose which led to the 

formation of hollow structure (Figure 5-1). For comparison, the NG samples were also 

prepared without additive salt (blank) and with magnesium nitrate (MgN) and 

ammonium chloride (ACl), respectively, to distinguish the role of ammonium nitrate 

(AN) in the catalyst preparation. Small carbon flakes grown on the bulk-size 

amorphous carbonaceous basement were found when the additive salt was absent 

(Figure 5-3), indicating that low mass loading of urea (MN/C =4) was unable to form 

graphene structure and the addition of AN contributed to the formation of large 

graphene platelets. Compared with AN, NG prepared from MgN showed similar 

morphology while the NG flakes derived from ACl were smaller with partially 

aggregated graphene sheets. It can be inferred that the nitrate salts are superior to the 

other salts possibly because the decomposed nitrate salts can produce NOx thus 

forming a pre-etched carbonaceous precursor for the generation of thin-layered 

graphene-like structure. 
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Figure 5-1. SEM images of (a) NG-600, (b) NG-700, (c) NG-800, (d) NG-900 and 

(e) NG-1000. 
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Figure 5-2. Structural characterizations of NG-800. (a) SEM image (b) TEM image 

(c) STEM image and EDS mapping of NG-800. 

 

Figure 5-3. SEM images of (a) NG(blank), (b) NG(AN), (c) NG(ACl) and (d) 

NG(MgN) 
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As shown in Figure 5-4 (a) and (b), all the NG samples presented (002) graphitic 

diffraction peaks in the XRD patterns. The peak intensities of the NG prepared from 

different salts follow the sequence of NG-800(AN) < NG-800(MgN) < NG-800(ACl) 

< NG-800(blank), implying that the thickness of the graphene layers of NG(AN) was 

thinner than the other samples. Therefore, AN salt can be selected for the synthesis of 

thin-layered graphene sheets following a metal-free manner. For the NG prepared with 

AN under different temperatures (Figure 5-4 (b)), 900 ºC derived NG showed the 

weakest (002) intensity, followed closely by 800 and 1000 ºC, which was in 

accordance with the SEM results. This is further supported by the high-resolution C 

1s XPS spectra (Figure 5-4 (c)) because the full width at half maximum (FWHM) of 

C 1s spectra reflects the ordering of the graphene structure.30 The FWHM of C 1s for 

the NG samples decreased with higher pyrolysing temperatures, with NG-900 showing 

the lowest FWHM. The NG samples obtained within 800-1000 ºC were presenting 

typical sp2 graphitic C 1s spectra, confirming the formation of graphene-like structure. 

Raman spectra were employed to probe the defective degree of the NG samples with 

the intensity of the D band and G band (ID/IG) mirroring the defectiveness.31 For the 

NG-800, 900 and 1000 with well-established graphene layers, NG-800 and NG-900 

presented identical ID/IG of 1.36 while NG-1000 presented a slightly higher ID/IG (1.38) 

(Figure 5-5), which also agreed with the XPS results. The specific surface area (SSA) 

of NG was measured by nitrogen sorption experiments (Figure 5-4 (d)). The SSA of 

NG samples increased with higher annealing temperatures in the range of 600-900 ºC, 

with NG-800 and NG-900 reaching 673 and 1019 m2/g, respectively. The SSA of NG-

1000 (733 m2/g) was lower than NG-900, which proved the decomposition of thin-

layered graphene at the temperature over 900 ºC.  
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Figure 5-4. XRD patterns of (a) NG derived at different temperatures and (b) NG 

derived with different additive salts. (c) High resolution C 1s XPS spectra. (d) Nitrogen 

sorption isotherms and BET specific surface area of NG-600, NG-700, NG-800, NG-

900 and NG-1000.  

 

Figure 5-5. Raman spectra of NG samples. 



Chapter 5 

134 

The N and O contents obtained by XPS were summarised in Table 5-1. The N 

concentration decreased with the increasing annealing temperatures from 23.3 at% of 

NG-600 to 12.4 at% of NG-800, witnessing the transformation from carbon nitride 

intermediate to N-doped graphene-like carbon. For NG-900 and NG-1000, the N 

content further decreased to 7.3 and 4.8 at%, respectively, due to the collapse of N-

rich carbonaceous fragments. The N species on NG samples were dominantly 

composed with three types according to the deconvolution of N 1s XPS spectra, 

namely pyridinic N, pyrrolic N and graphitic N. The amount of each N component was 

summarised in Table 5-2. All the three N species were synchronously decomposed 

with the increased annealing temperature. Specifically, when the annealing 

temperature was elevated from 800 ºC to 1000 ºC, the loss of pyridinic (3.6 to 0.8 at%) 

and pyrrolic N (5.6 to 1.5 at%) was more significant than the reduction of graphitic N 

(1.4 to 1.2 at%). On the contrary, there was no severe variation of the concentration 

and composition of oxygen groups for the NGs prepared with different temperatures 

(Table 5-1 and Table 5-2), which could be possibly due to the regeneration of oxygen 

during the acid-purification and stabilization treatment. 

5.3.2 Catalytic oxidation of benzyl alcohol 

The catalytic performances of the synthesized NG samples were firstly probed in the 

selective oxidation of BzOH, a widely explored alcohol oxidation reaction. The 

reaction was carried out at a moderate temperature (50 ºC), preferable to the most 

reported cases. The mixed acetonitrile/water was selected as the solvent based on our 

previous work.32 BzH was the target product and served as an indicator of the oxidation 

selectivity of this reaction system. The reaction outcomes over different NG samples 

were displayed in Table 5-1. In the non-catalyst experiment, only 10.1 % BzOH 

conversion and 2.5 % BzH yield were obtained, implying that the inactivated PMS 

oxidant was almost unable to react with BzOH. NG-600 showed the minimum 

catalytic activity in BzOH oxidation with 9.7 % BzH yield because no graphene-like 

structure was formed at low pyrolysing temperature. Along with the increased 
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annealing temperature, the graphene flakes were created and the corresponding 

catalytic performance exhibited substantial improvement. The highest oxidation 

efficiency was observed on NG-800, enabling 96.1% BzOH conversion, 85.2% BzH 

selectivity and 81.9% BzH yield. Surprisingly, NG-900 possessed the highest SSA and 

thinner-layered graphene sheets whereas its catalytic activity was slightly lower than 

NG-800, which was possibly due to the loss of N species (NG-900: 7.3% vs NG-800: 

12.4%, Table 5-1). As for NG-1000, the further reduced N content (4.8%) and 

decomposed graphene structure led to lower BzH yield of 61.5%. The NG-800(blank) 

and NG-800(ACl) afforded 20.4 and 23.9% BzH yield, respectively, owing to the 

failed formation of thin-layered large graphene sheets. On the contrary, the NG-

800(MgN) presented almost identical catalytic performance as NG-800(AN) to 

achieve 81.2% BzH yield. Furthermore, the N contents of AN (12.4%) and MgN 

(13.9%) derived NG were higher than that on NG-800(blank) (8.9%) and NG-

800(ACl) (10.5%), indicating the additive nitrate salts not only contributed to the 

formation of thin-layered graphene flakes but also facilitated the immobilization of N 

species to gain a higher N content. In comparison, another NG sample was prepared 

with high MN/C=10 denoted as NG-800(10:1). The NG-800 was superior to NG-

800(10:1) in both the BzOH conversion and BzH selectivity and the BzH yield of NG-

800 surpassed NG-800(10:1) by 13.6%. Hence the NG produced with low urea loading 

and additive nitrate salt was more effective in BzOH oxidation with PMS than the one 

prepared with solely high MN/C. 

Table 5-1. The N/O content of NG samples and the catalytic performance in 

BzOH oxidation.a 

Entry Catalyst 
N content 

(at.%)b 

O content 

(at.%)b 

BzOH 

conversion (%) 

BzH 

selectivity (%) 

BzH 

yield (%) 

1 Blank - - 10.1 24.8 2.5 

2 NG-600 23.3 9.1 12.4 78.2 9.7 

3 NG-700 17.8 10.1 72.3 77.6 56.1 
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4 NG-800 12.4 9.3 96.1 85.2 81.9 

5 NG-900 7.3 9.7 90.4 82.1 74.2 

6 NG-1000 4.8 8.8 74.2 82.9 61.5 

7 NG-800(blank) 8.9 9.5 29.5 69.1 20.4 

8 NG-800(MgN) 13.9 8.5 94.4 86.1 81.2 

9 NG-800(ACl) 10.5 8.5 29.8 80.1 23.9 

10 NG-800(10:1) 11.8 9.7 89.6 76.1 68.3 

a Reaction conditions: 10 mg catalyst, 0.2 mmol BzOH, 0.6 mmol PMS, 10 

mL acetonitrile/water (1:1, volume ratio), 50 ºC, 5 h.  

b The N and O contents (atomic percentage) were obtained by XPS spectra. 

Table 5-2. Composition of O and N species on NG-600, NG-700, NG-800, NG-900 

and NG-1000 derived from deconvolution of XPS spectra.a 

Samples  Pyridinic N Pyrrolic N 
Graphitic 

N 
Pyridine−N−oxide NO2 C=O O=C−O C−O H2O 

NG-600 5.5 9.1 6.9 1.2 0.6 1.7 3.2 3.3 1.0 

NG-700 6.7 7.9 1.7 0.5 1.1 3.1 4.6 2.2 0.2 

NG-800 3.6 5.6 1.4 0.8 1.0 2.8 4.4 1.6 0.4 

NG-900 1.7 2.5 1.1 0.6 1.3 2.9 4.3 2.0 0.6 

NG-1000 0.8 1.5 1.2 0.2 1.1 2.1 4.5 1.7 0.5 

a The content of each N or O component is provided in atomic percentage. 

The effect of the reaction conditions on the oxidation efficiency of BzOH was 

investigated using NG-800 as a representative catalyst. The BzOH conversion was 

significantly influenced by the PMS concentration, showing a continuous increase 

with higher PMS loading (Figure 5-6). Conversely, the BzH selectivity dropped from 

99.4% to 85.2% when multiplying the PMS loading by three times, indicating that the 

excess PMS could lead to a slight over-oxidation of the BzOH/BzH. However, no 

organic by-products such as benzoic acid and benzyl benzoate were detected in these 

cases. Known that the carbo-activated PMS in advanced oxidation processes could 

lead to the mineralization of organic contaminants where a high molar ratio of 



Chapter 5 

137 

PMS/contaminant was applied, we suppose that the overloading of PMS may cause a 

minor deep-oxidation of BzOH into CO2. The reaction was also performed under 

different temperatures (Figure 5-7). The reaction efficiency was remarkably enhanced 

during the elevation of the temperature from 30 ºC to 60 ºC free from the decrease of 

selectivity, with 97.3% conversion and 85.0% BzH selectivity obtained at 60 ºC. This 

suggests that the selective oxidation of BzOH by NG activated PMS is viable in a 

facile and benign process. The reaction efficiency was further monitored as a function 

of reaction time to obtain a kinetic view of the selective oxidation process (Figure 5-

8). At a PMS/BzOH (mol/mol) ratio of 3, around 50% of BzOH was converted within 

the first hour, delivering over 90% BzH selectivity. As the consumption of PMS and 

BzOH reactant and the accumulation of BzH, the reaction rate gradually decreased and 

it cost two hours for the conversion of 91.5% to reach 96%. A minor drop of BzH 

selectivity was observed from 92.4% at the first hour to 85.2% after 5 hours reaction.  

Beyond that, the catalytic efficiency of the BzOH oxidation in this work is compared 

with the relative reaction systems in the literatures as summarised in Table 5-3.8, 10, 23, 

32-34 Nanocarbons catalyzed BzOH oxidation by O2 gas was normally performed with 

high temperature (>100 ºC), high catalyst loading and long reaction time, due to the 

triplet ground state structure of O2. At temperatures lower than 100 ºC, the O2 

activation efficiency was greatly suppressed, leading to low BzOH conversion rates. 

The BzOH oxidation was accomplished with higher reaction rate and under a milder 

environment in this work compared with the reported cases by the nanocarbons/O2 

reaction system. Our results are also superior to those of Au catalysed BzOH oxidation 

by TBHP, a liquid peroxide oxidant, achieving a slightly higher reaction rate with a 

much lower temperature (50 vs. 125 ºC). Catalyst-free BzOH oxidation has also been 

reported by PMS with good efficiency, but extra homogeneous additives were required 

to generate the actual oxidizing species. Moreover, this work profoundly enhanced the 

BzOH oxidation efficiency ralative to the one from CNT activated PMS (81.9% to 

48.1% BzH yield). 
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Figure 5-6. The effect of PMS concentration on the catalytic efficiency of BzOH 

oxidation with NG-800. Reaction conditions: 5 mg catalyst, 0.1 mmol BzOH, 5 mL 

acetonitrile/water (1:1, volume ratio), 50 ºC, 5 h. 

 

Figure 5-7. The effect of reaction temperature on the catalytic efficiency of BzOH 

oxidation with NG-800. Reaction conditions: 5 mg catalyst, 0.1 mmol BzOH, 0.3 

mmol PMS, 5 mL acetonitrile/water (1:1, volume ratio), 5 h. 
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Figure 5-8. The effect of reaction time on the catalytic efficiency of BzOH oxidation 

with NG-800. Reaction conditions: 5 mg catalyst, 0.1 mmol BzOH, 0.3 mmol PMS, 5 

mL acetonitrile/water (1:1, volume ratio), 50 ºC. 

Table 5-3. Comparison of the oxidation efficiency of benzyl alcohol in this work 

with the reported literatures. 

Entry 

Catalyst loading  

(relative to the mass of 

BzOH) 

Oxidant T/ ºC t/h Additive 

BzOH 

conversion/

% 

BzH 

selectivity

/% 

BzH 

yield/% 

Ref 

1 Graphene oxide (200%) O2/1 atm 100 24 – – – 92 [23] 

2 NCNT (2%) O2/15 atm 130 8 – 44.7 94.1 – [10] 

3 N-graphene (300%) O2/1 atm 70 10 – 12.8 100 – [8] 

4 Au/Al2O3 (2.5%) TBHP 125 5 – 89.9 89.2 – [33] 

5 – PMS – 3 NaBr – – 87 [34] 

6 Carbon nanotubes (50%) PMS 50 5 – 57.1 84.3 48.1 [32] 

7 NG (50%)  PMS 50 5 – 96.1 85.2 81.9 Herein 
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5.3.3 Identification of the reaction routes 

For the oxidation reactions induced by catalytic activated PMS, both radical and non-

radical processes could occur in a broad variety of reaction systems. The reactive 

radicals produced from PMS include •OH, SO4
•− and SO5

•−, with SO4
•− radicals have 

been widely accepted as the dominant oxidizing species in many advanced oxidation 

reactions because of the high redox potential and long half time period.35-36 The 

generation processes of the radicals were illustrated in Equations (5-5) to (5-9) with 

PMS serving as either electron donor or acceptor. The understanding of non-radical 

oxidation mainly focus on either surface complex mediated electron transfer or singlet 

oxygen (1O2).
37-38 Equation (5-8) demonstrates a possible way for the generation of 

singlet oxygen via the decomposition of SO5
•−.39-40 The effect of radicals on the 

selective oxidation of BzOH was probed by quenching experiments, adopting tert-

butanol (TBA) as effective scavenger of hydroxyl radicals and ethanol (EtOH) as 

quencher for both hydroxyl and sulfate radicals.41-42 The selective oxidation efficiency 

of BzOH over NG-800 with the added TBA and EtOH in different concentrations was 

displayed in Figure 5-9 (a), indicated by the BzH yield. The individual dose of either 

TBA or EtOH could cause reduction of BzH yield. Thus both the hydroxyl and sulfate 

radicals were responsible for the selective conversion of BzOH into BzH. Specifically, 

TBA caused a minor decrease of BzH yield while the effect of EtOH was more 

significant, implying the sulfate radicals played a more important role in the selective 

transformation of BzOH into BzH. At the maximum EtOH loading (replacing the 

entire organic solvent with EtOH), almost all the radicals could be captured and over 

half of the original BzH yield remained, attributed to the non-radical oxidation route. 

Therefore, the selective oxidation of BzOH was accomplished by both radical and non-

radical processes in this system. 

HSO5
− + e− → •OH + SO4

2−               (5-5) 

HSO5
− + e− → OH− + SO4

•−               (5-6) 
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HSO5
− − e− → H+ + SO5

•−                  (5-7) 

2SO5
•− → 1O2 + 2SO4

•−                    (5-8) 

•OH + SO4
2−→ OH− + SO4

•−                (5-9) 

 

Figure 5-9. (a) The effect of tert-butanol (TBA) and ethanol (EtOH) dose of different 

concentrations on the BzH yield (NG-800 as catalyst). Reaction conditions: 10 mg 

catalyst, 0.2 mmol BzOH, 0.4 mmol PMS, 50 ºC, 5 h, 10 mL acetonitrile/water (1:1, 

volume ratio). Full EtOH test was performed by replacing the acetonitrile solvent with 

ethanol. (b) The open circuit potential of NG-800 upon the addition of PMS (1.5 mM) 

and BzOH (1.5 mM) in Na2SO4 solution (100 mM). 

To identify the non-radical pathway in this reaction system, open circuit potential test 

was employed to probe the electron transfer behaviour among the NG-800, PMS and 

BzOH molecules as presented in Figure 5-9 (b). For NG-800, there was a rapid 

increase of potential from +0.19 to +0.78 V (vs Ag/AgCl) after the addition of PMS, 

whereas the potential only increased from +0.17 to +0.22 V in the absence of NG-800. 

This could be due to the charge redistribution between PMS and NG-800 by the 

physisorption of PMS on the surface of NG-800.43 The subsequent addition of BzOH 

resulted in a reverse potential shift from +0.78 to +0.76 V because of the electron 

transfer from BzOH to PMS mediated by NG-800. The potential of the blank test was 

not influenced by the BzOH addition. To further exclude the participation of 1O2 in the 
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non-radical oxidation of BzOH, another selective oxidation experiment was conducted 

using BzH as the oxidation substrate instead of BzOH with NG-800 activated PMS. 

BzH is a readily oxidizable substrate which can be oxidized into benzoic acid simply 

by the exposure to the atmosphere.44 From the previously reported results and 

Equations (5-7) to (5-8), the generation of 1O2 fully relies on the interaction of catalyst 

and PMS.45 Therefore, if the non-radical oxidation pathway of BzOH was caused by 

1O2, the more oxidizable BzH should undergo the similar oxidation process with 1O2. 

As shown in Figure 5-10, the conversion of BzH (79.8%) caused by NG-800/PMS was 

even higher than the conversion of BzOH under the same reaction conditions (77.5%). 

Then the BzH oxidation was performed in full EtOH environment, affording only 

16.8% BzH conversion, much lower than the proportion of non-radical contribution in 

BzOH oxidation as discussed above. Based on these results, we infer that the non-

radical route in the selective oxidation of BzOH was accomplished via the surface 

coordinated complex rather than the singlet oxygen. 

 

Figure 5-10. The oxidation of BzH with NG-800 in acetonitrile/water 1:1 solvent 

(A/W) and ethanol/water 1:1 solvent (EtOH/W). Reaction conditions: 5 mg catalyst, 

0.1 mmol BzH, 0.2 mmol PMS, 5 mL acetonitrile/water (1:1, volume ratio), 50 ºC, 5 

h. 
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5.3.4 Active sites for PMS activation 

In our previous work, the electrophilic oxygen species (peroxides and superoxides) 

attached on modified carbon nanotubes (CNTs) were verified as the major active sites 

for PMS activation to endow a radical-based process for BzOH oxidation.32 Herein we 

looked into the influence of surface electrophilic oxygen species on the catalytic 

properties of the NG samples. First, the concentrations of electrophilic oxygen on NG 

samples by different annealing temperatures were determined via iodometric titration 

method 46-47 as displayed in Figure 5-11 (a). The amount of electrophilic oxygen 

increased with higher annealing temperature, which could be due to the joint effect of 

increased SSA and defect degree as discussed earlier, since the electrophilic oxygen is 

prone to form on the defect sites on sp2 hybridized carbon.48 For high temperature 

annealed NG, we believe the existence of electrophilic oxygen was dominantly due to 

the capture and activation of oxygen by NG surface when it was exposed to oxidative 

environment such as atmosphere and acid washing. Specifically, NG-800 contained 

more electrophilic oxygen than NG-800(10:1), indicating that the additive AN salt 

contributed to the formation of graphene structure with abundant electrophilic oxygen 

groups. Meanwhile, the electrophilic oxygen species on NG-800 was eliminated after 

the iodometric titration, and the obtained sample was denoted as NG-800(KI). It can 

be seen from the inset of Figure 5-11 (a) that the removal of electrophilic 

functionalities from NG-800 led to a significant drop of BzH yield from 75.5% to 

28.6%. The full EtOH test over NG-800(KI) demonstrated a higher proportion of non-

radical contribution (77%) compared with that of NG-800 (57%). However the actual 

BzH yield derived from radical (31.0%) and non-radical processes (44.5%) of NG-800 

was still higher than that of NG-800(KI) (6.6 and 22.0%, respectively). Thus it can be 

inferred the electrophilic oxygen species made a greater contribution to the radical 

process whereas the N species dominantly enables the non-radical oxidation of BzOH. 

Another proof for the indispensable role of electrophilic oxygen in this reaction is 

displayed in Figure 5-11 (b). The cycling test of NG-800 manifested that the oxidation 

efficiency decreased during the four runs, and the electrophilic oxygen decreased 
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simultaneously, confirming the electrophilic oxygen was the active site for the PMS 

activation and its consumption was the main reason for the reduced activity. The 

catalyst after the fourth run was then re-annealed at 800 ºC for recovery. The obtained 

sample presented slightly higher catalytic efficiency as well as a larger amount of 

electrophilic oxygen than the fresh catalyst, exhibiting the excellent recovery ability 

of NG-800.  

 

 

Figure 5-11. (a) Concentration of electrophilic oxygen on NG samples. The inset of 

(a) is the radical and non-radical contributions on the BzH yield over NG-800 and NG-

800(KI). (b) Catalytic performance and concentration of electrophilic oxygen of NG-

800 for 4 reaction cycles and recovering NG-800 after the 4th run by re-annealing at 

800 ºC. Reaction conditions: 10 mg catalyst, 0.2 mmol BzOH, 0.4 mmol PMS, 50 ºC, 

5 h, 10 mL acetonitrile/water (1:1, volume ratio).  
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Previous research suggests that the graphitic N (or quaternary N) coordinated with the 

sp2 carbon network was active site for PMS activation via the adsorption of PMS at 

the positive-charged adjacent carbon atoms for non-radical oxidation of organics.21, 49 

However, the roles of pyridinic N and pyrrolic N were less studied. As discussed 

above, the decreased N species for higher-temperature annealed NG was dominantly 

attributed to the decomposition of pyridinic and pyrrolic N. In this regard, the catalytic 

role of the doped N on the NG could be attributed to the joint effect of different N 

species. To probe the impact of the less investigated N species, a series of N-containing 

organics free from oxygen groups were introduced into the selective oxidation reaction 

to mimic the pyridinic and pyrrolic N in different configurations as displayed in Figure 

5-12. The pyridinic N was reported to be electron-withdrawing functionality,50 but the 

addition of pyridine (PD) and 4-tert-butylpyridine (4-TPD) with single pyridinic N 

showed no beneficial effects to the selective oxidation of BzOH. Likewise, the BzOH 

oxidation was not enhanced by pyrimidine (PMD) additive which contains two N 

atoms in a single aromatic ring. In contrast, the addition of 4'-(4-methylphenyl)-

2,2':6',2''-terpyridine (MPT-PD) tremendously improved the oxidation efficiency, 

delivering 50.4% BzOH conversion and 43.5% BzH yield, which were 10- and 27-

fold as high as those from the blank test. We suppose that the single electron-

withdrawing pyridinic N atoms in PD and 4-TPD are unable to conduct the electron 

transfer from BzOH to PMS due to the lack of electron mediator and PMS adsorption 

sites. The inactive behaviour of PMD is probably because of the spatial hindrance to 

simultaneously locate the PMS and BzOH molecules. The terpyridine compounds are 

equipped with both electron-donating and electron-withdrawing abilities by the 

conjugated pyridine rings,51-52 thus provide possibilities for the formation of 

intermediate complex to accomplish the oxidation via electron transfer. In the case of 

the NG surface, the integrated pyridinic N atoms of different aromatic rings at the 

armchair edge of the graphene sheets could act as a bridge for electron transfer between 

the anchored PMS and BzOH molecules. Besides, the electron-rich BzOH attracted on 

pyridinic N might also cooperate with the PMS adsorbed on graphitic N site to endow 

the oxidation process. Pyrrole (PRL) was used to mimic the pyrrolic N, while no 
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promotion of reaction efficiency was observed after its addition. It’s noteworthy that 

the pyrrole suffered from polymerization under acidic PMS environment to generate 

(C4H2NH)n, but the polymerized pyrrole was still unable to facilitate the oxidation of 

BzOH, implying that neither single nor integrated pyrrolic N molecules could enable 

the PMS activation for BzOH oxidation. The results from the small molecule mimics 

indicate that the integrated pyridinic N species are active sites for the BzOH oxidation 

by PMS, while the pyrrolic N exhibits no obvious impact on the reaction.   

 

Figure 5-12. The selective oxidation of BzOH with small molecule mimics. The 

reaction conditions: 0.2 mmol BzOH, 0.4 mmol small molecule mimics, 0.3 mmol 

PMS, 50 ºC, 3 h, 10 mL acetonitrile/water (1:1, volume ratio).   

5.3.5 Reaction mechanism 

Based on the above experimental analysis, a possible mechanism for this 

NG/PMS/BzOH oxidation system was proposed in Figure 5-13. The radical-based 

oxidation mainly occurs over the electrophilic oxygen species on NG which are 

electron-deficient and can capture an electron from PMS to generate SO5
•−. The SO5

•− 

radicals can subsequently decompose into SO4
•− which has a higher redox potential for 

BzOH oxidation. Beyond that, the other functionalities such as nucleophilic C=O may 



Chapter 5 

147 

also make a minor contribution to produce •OH and SO4
•− by serving as an electron 

donor to the PMS molecules as reported.53 On the other hand, the N species dominantly 

endow the non-radical oxidation of BzOH by electron transfer through the conjugated 

graphene network. The integrated pyridinic N atoms located at different aromatic rings 

may create both electron-withdrawing and electron-donating districts to accommodate 

the adsorption of BzOH and PMS molecules, thus enabling the construction of 

coordinated complex for the non-radical BzOH oxidation. The graphitic N with high 

electronegativity can induce a higher charge density to the neighboring carbon atoms, 

which is prone to capture PMS by the superoxide -O-O- bond and to receive the 

electron transferred from the BzOH molecules. The electron transfer from BzOH to 

PMS through the adsorption complex eventually results in the formation of SO4
2− and 

BzH.  

 

Figure 5-13. Proposed reaction mechanism of the PMS activation and BzOH oxidation 

over NG catalyst.  
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5.3.6 The selective oxidation of other alcohols. 

The application of NG-800 activated PMS was then extended to other primary 

alcohols including the selective oxidation of 1-phenylethanol and cyclohexanol 

into acetophenone and cyclohexanone, respectively. The reaction results under 

different conditions are displayed in Table 5-4. Compared with BzOH, the NG-

800/PMS system was less effective for the selective oxidation of 1-

phenylethanol, which was probably caused by the spatial confinement of the 

secondary alcohol. Under the same reaction conditions, the conversion of 1-

phenylethanol was 39.3%, in contrast with 96.1% conversion of BzOH in Table 

1. By increasing the reaction time and temperature, a remarkable enhancement 

of 1-phenylethanol conversion was achieved. The highest conversion of 1-

phenylethanol (80.1%) was obtained by increasing the temperature by 10 ºC and 

doubling the reaction time to 10 h with over 80% selectivity towards 

acetophenone. The oxidation of non-activated cyclohexanol by NG/PMS system 

was much slower relative to the aromatic alcohols. By increasing the 

temperature and reaction time, the conversion of cyclohexanol increased from 

2.7 to 9.7%, while the cyclohexanone selectivity dropped from 75.3 to 55.5%. 

A higher concentration of catalyst or PMS is predicted to be essential to produce 

more reactive oxygen species or active reaction sites for the efficient oxidation 

of inactive alcohols. 

Table 5-4. The oxidation of other alcohols over NG-800. Reaction conditions: 

10 mg catalyst, 0.2 mmol substrate, 0.6 mmol PMS, 10 mL acetonitrile/water 

(1:1, volume ratio). 

Substrate Product T (ºC) 

Time 

(h) 

Conversion 

(%) 

Selectivity 

(%) 

1-phenylethanol Acetophenone 

50 5 39.3 83.8 

60 5 50.9 81.3 
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50 10 65.6 79.4 

60 10 80.1 81.2 

Cyclohexanol Cyclohexanone 

50 5 2.7 75.3 

60 5 4.0 72.9 

50 10 7.5 58.9 

60 10 9.7 55.5 

 

5.4 Conclusions  

In summary, we reported a metal-free route to the synthesis of N-doped graphene-like 

carbon via a protocol with a low MN/C, which does not produce a large amount of 

hazardous waste as encountered by conventional methods. The additive of ammonium 

nitrate salt played an indispensable role to the fabrication of thin-layered graphene 

sheets as well as the generation of electrophilic oxygen functionalities. The prepared 

NG catalyst was successfully used in the highly efficient oxidation of BzOH to 

produce BzH with PMS. Over 96% BzOH conversion and 85% BzH selectivity were 

obtained from the optimized reaction via both radical and non-radical processes. The 

electrophilic oxygen species dominantly contributed to the radical generation from 

PMS, with SO4
•− playing a leading role to oxidize BzOH into BzH. The non-radical 

pathway is suggested to be performed by N active sites via the electron transfer within 

the surface coordinated complex and mediated electron transfer instead of singlet 

oxygen. Small molecule mimics imply that the integrated pyridinic N species are 

crucial for the oxidation of BzOH, providing both electron-withdrawing and electron-

donating abilities. The NG/PMS oxidation system was also applicable to the selective 

oxidation of other aromatic alcohols such as 1-phenylethanol. This work provides a 

facile strategy to prepare the cost-effective carbo-catalysts with tailored functionalities 
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and reveals their catalytic pathways to effectively participate these organic selective 

reactions exemplified by the oxidation of BzOH to yield BzH. 
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Chapter 6  Cobalt single atom catalysts on carbon supports 

for highly efficient selective oxidations with activated 

peroxymonosulfate 

Abstract 

The development of highly efficient strategy for the liquid phase selective oxidations  

is one of the most challenging tasks facing the chemical industries. The synthesis of 

novel catalysts with atomically dispersed active centres is highly desirable to achieve 

the maximised atom efficiency. In this work, Co-based single atom catalysts (SAC) on 

carbon-based materials are successfully synthesized and applied for the selective 

oxidation of benzyl alcohol (BzOH) and ethylbenzene (EB) to derive the 

corresponding aldehyde and ketone products via the activated peroxymonosulfate 

(PMS) oxidant. SAC catalysts with Co single atoms embedded in nitrogen-doped 

graphene (SACo@NG) and carbon nitride support (SACo@g-C3N4) are prepared with 

Co contents of 4.1 wt.% and 3.17 wt.%, respectively. Characterization results suggest 

that the monodispersed Co atoms are coordinated with N atoms to form robust and 

highly effective catalytic centre 

s. The SACo@NG/PMS system shows high efficiency in BzOH oxidation to 

selectively yield benzaldehyde under mild conditions. Both radical and non-radical 

processes occur in the selective oxidation of BzOH. The SACo@g-C3N4 is applied to 

the selective oxidatioon of EB with over 95% conversion and acetophenone selectivity 

by activated PMS. The generated radicals, especially sulfate radicals (SO4
•−) can 

activate the C-H bond in EB. This work provides new insights to the preparation of 

efficient transition metal-based SACs and their potential application in PMS mediated 

selective oxidation of alcohols. This work uncovers facile and scalable approaches to 

prepare robust Co-based single atom catalysts and unveils their potential in the 
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oxidation of hydrocarbons via a highly efficient and environmentally benign PMS 

activation. 

 

The first part of this chapter is published in Small 17 (16), 2004579.  

The second part of this chapter is reprinted (adapted) with permission from Journal of 

Materials Chemistry A 9 (5), 3029-3035.  
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Part 1  Cobalt Single Atoms Embedded in Nitrogen-doped 

Graphene for Selective Oxidation of Benzyl Alcohol by 

Activated Peroxymonosulfate  

6.1 Introduction  

The selective transformation of alcohols into their corresponding aldehydes or ketones 

is among the most valuable reactions in organic chemistry.1 Tremendous efforts have 

been devoted to the development of efficient reaction strategies.2-4 Compared with the 

homogeneous oxidative reactions with stoichiometric toxic or expensive oxidants like 

hydrogen peroxide, heterogeneous catalysis has received more attention recently due 

to the merits of easy separation/recycling and achieving green reaction process.5 

Precious metals such as platinum, ruthenium, gold and palladium are found to afford 

excellent catalytic activity for the selective oxidation of alcohols,2, 6-7 however, their 

scarcity and high cost hinder the real applications for chemical industry. As an 

alternative, the catalysts based on earth-abundant transition metals are investigated to 

activate different oxidants including molecular oxygen, ozone and liquid peroxides (i.e. 

hydrogen peroxide and tert-butylhydroperoxide) for oxidative applications.8-10 The 

particle size and dispersion of the metal/metal oxides play a pivotal role in affecting 

the catalytic performance. Therefore, much attention has been focused on reducing the 

particle size and optimizing the coordination between the metals and supports. 

Graphene based materials are extensively studied as substrate to support highly 

dispersed metal particles owing to the high surface area and excellent 

chemical/electrochemical properties.11-12 

Single-atom catalysts (SACs) consist of individual atoms dispersed on and/or bonded 

with the surface atoms of an appropriate support with high selectivity, catalytic activity 

and excellent atomic efficiency.13-15 The catalysts with supported noble metals (such 
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as Pt, Au, Pd) or transition ones (such as Fe, Cu, Zn and Co) are fabricated with SACs 

and applied in various reaction systems.16-18 Nevertheless, the aggregation tendency of 

single atoms hinders further enrichment of the metal active sites on the catalyst surface, 

thus for the reported SACs, the metal contents are usually limited within a relatively 

low level, despite many protocols attempted like metal–organic frameworks derived 

pyrolysis,19 wet impregnation method,20-22 impregnation followed with annealing 

method,23-24 atomic layer deposition25-26 and photochemical reduction.27 For instance, 

the Co-based SACs prepared from Co-N complex,28 impregnation combined with 

pyrolysis approach29-30 normally present Co contents of less than 3 wt.%. Hence, 

efforts are still ongoing for the synthesis of robust and highly active transition metal-

based SACs. Besides, our recent study suggests that the transition metal-based SACs 

are stable under acidic or oxidative environment,31 thus the SACs are potentially 

applicable in liquid phase oxidation reactions without severe metal leaching. 

Peroxymonosulfate (PMS, normally available as a triple salt 

KHSO5·1/2KHSO4·1/2K2SO4) is an inexpensive and soluble solid oxidant and has 

been widely applied in oxidative reactions in aqueous media.32 Compared with other 

gaseous or explosive liquid phase oxidants, PMS combines the advantages of benign 

oxidation conditions and highly stabilized nature to reduce the storage and 

transportation cost. Supported transition metals were discovered effective for 

heterogeneous catalytic activation of PMS among which the supported Co (II) 

presented the best performance.33-34 The Co-based catalysts can induce a redox cycle 

via the valence change of Co to generate reactive sulfate radicals (SO4
•−) for advanced 

oxidation processes (AOPs).33-34 However, to the best of our knowledge, the selective 

oxidation by transition metal SACs activated PMS still remains unexplored.  

In this study, we proposed a feasible approach to the synthesis of Co-based SAC on 

nitrogen-doped graphene support (SACo@NG) with 4.1 wt.% Co loading which was 

subsequently applied to the activation of PMS under mild conditions for aqueous 

oxidation reaction. The monodispersed Co atoms on the graphene framework were 
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bonded with N atoms and conferred high activity in activating PMS for the efficient 

conversion of benzyl alcohol (BzOH) into benzaldehyde (BzH). In comparison, 

graphene oxide (GO), nitrogen-doped graphene (NG) and Co nanoparticles loaded on 

NG (CoNP@NG) were synthesized and performed in BzOH oxidation as well. All 

these results clearly highlight that the catalytic efficiency of SACo@NG are far 

exceeding other catalysts. Mechanism exploration implies that the selective oxidation 

by PMS via SACo@NG activation involves both radical and non-radical processes. 

6.2 Results and discussion 

6.2.1 Characterizations of catalysts 

Nitrogen adsorption/desorption isotherms were conducted to analyse the information 

on the porous structure and surface areas of the GO, NG, CoNP@NG and SACo@NG. 

The results reveal that there is an obvious decline in the specific surface areas of 

CoNP@NG (792.5. m2g−1) and SACo@NG (822.6 m2g−1) compared to NG with a 

value of 858.3 m2g−1 (Figure 6-1). It may be due to the metal loading that reduced the 

value of surface area. Scanning electron microscopy (SEM) image indicates that 

SACo@NG retained the smooth morphology of graphene without the presence of 

nanoclusters (Figure 6-2 (a)). The SACo@NG can be fabricated with scalable 

character as shown in the inset of Figure 6-2 (a) with a mass of 1.3 g, revealing the 

great potential for practical applications. The mass loading of cobalt was confirmed by 

inductively coupled plasma-optical emission spectroscopy (ICP-OES) with the value 

around 4.1 wt.% for SACo@NG. In addition, transmission electron microscopy 

(TEM) images in Figure 6-2 (b) also reveals the absence of Co nanoparticles in 

SACo@NG, showing similar appearance as GO and NG but completely different from 

the morphology of CoNP@NG with visible Co particles (Figure 6-3). X-ray diffraction 

(XRD) results also indicate the absence of Co crystals as no corresponding 

characteristic peaks assigned were detected for SACo@NG (Figure 6-4 (a)). 
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Conversely, (200) and (220) lattice plane peaks appeared in CoNP@NG, revealing the 

formation of CoO particles. Raman spectra presented similar D and G band intensity 

ratios for the tested samples, indicating that there was no obvious change in the sp2 

carbon structure for SACo@NG compared with GO and NG (Figure 6-4 (b)). 

Furthermore, The EDS signals at 6.91 keV in Figure 6-2 (c) indicate the presence of 

cobalt on SACo@NG. It should be noted that the signal of Cu was sourced from the 

Cu grid instead of from the SACo@NG sample. EDS elemental mapping demonstrates 

that the C, N and Co elements are uniformly distributed throughout the SACo@NG 

(Figure 6-2 (c) and (d)). The high-resolution transmission electron microscopy 

(HRTEM) image provides further evidence that no Co-derived nanoparticles or 

clusters on the surface of SACo@NG were detected, consistent with the XRD results. 

Figure 6-2 (e) and the inset image display the existence of the defective non-C6 carbon 

ring structure in SACo@NG, which could be ascribed to the inserted Co atoms in the 

carbon matrix. It can be directly observed from the aberration-corrected scanning 

transmission electron microscopy (AC-STEM) that the individual Co atoms are 

randomly dispersed on the graphene support, benefiting from the higher Z-contrast of 

Co than N and C (Figure 6-2 (f)). The structural characterizations of SACo@NG 

showed solid evidence of the successful synthesis of single cobalt atoms on the surface 

of graphene. 

 

Figure 6-1. Nitrogen adsorption−desorption isotherms of GO, NG, CoNP@NG and 

SACo@NG. 
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Figure 6-2. Structural characterizations of SACo@NG. (a) SEM image of SACo@NG. 

The inset is the optical image of 1.3g SACo@NG. (b) TEM image and (c) HAADF-

STEM image of SACo@NG. The inset is the EDS spectroscopy of the selected area. 

(d) HAADF image and corresponding EDS mappings of SACo@NG. The scale bar is 

60 nm. (e) HRTEM image and (f) AC-STEM-annular dark-field (ADF) image of 

SACo@NG. 

 

Figure 6-3. TEM images of a) GO b) NG and c) CoNP@NG. 
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Figure 6-4. (a) XRD patterns and (b) Raman spectra of GO, NG, CoNP@NG and 

SACo@NG. 

X-ray photoelectron spectroscopy (XPS) was conducted to investigate the valence 

states of Co, N and O in SACo@NG. The peak at around 398.1 eV in N 1s spectra 

shows that the N species were dominantly formed with pyridinic N (Figure 6-5), thus 

the Co atoms in the SACo@NG were mainly bonded to pyridinic N atoms. The Co 2p 

spectrum confirmed that the Co species in SACo@NG was in the state of Co2+ around 

780.5 eV rather than metallic Co (0) (Figure 6-6 (a)), corresponding to the Co−N 

species.35-36 In the near edge X-ray absorption structure (NEXAFS) spectra (Figure 6-

6 (b)), the Co L-edge absorption spectra were divided into L2 and L3 regions, which 

correspond to 2p1/2 and 2p3/2 levels resulting from the 2p core–hole spin-orbital 

coupling.36 The main Co L2 edge features detected by the surface-sensitive total 

electron yield in SACo@NG were similar to these of CoPc, revealing that the valence 

states and chemical environment of cobalt of SACo@NG are close to CoPc but not the 

Co foil. The electronic structure and coordination environment were further 

investigated by X-ray absorption near-edge structure (XANES) (Figure 6-6 (c)). The 

Co K-edge of SACo@NG exhibited a similar near edge structure to that of CoPc. The 

corresponding Fourier transforms (FT) obtained from the extended X-ray absorption 

fine structure (EXAFS) showed that the main peak of SACo@NG was located at 

approximately 1.41 Å, suggesting the formation of Co−N bond, which is shorter than 
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the Co−O peak at 1.58 Å of standard CoO (Figure 6-6 (d)). In contrast, no Co−Co 

peaks at 2.18 Å or other high-shell peaks were observed. 

 

Figure 6-5. (a) XPS whole spectrum and (b) XPS N 1s of SACo@NG. 

 

Figure 6-6.  Chemical environment and composition of the SACo@NG. (a) XPS 

analysis of the SACo@NG composites. (b) Co L-edge of the NEXAFS spectra of 

SACo@NG, Co foil and CoPc. (c) XANES Co-edge and (d) Fourier transform of the 

EXAFS spectra of CoO, CoPc, Co foil and SACo@NG. 
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6.2.2 Selective oxidation of BzOH 

The oxidation of BzOH to produce BzH was selected as a representative reaction for 

the evaluation of the catalytic performance of alcohols transformation. The reaction 

over various catalysts was performed under benign temperature of 50 ºC, much lower 

than the other reported Co-SAC catalyzed BzOH oxidation by O2,
5 and the results are 

summarised in Table 6-1. The reaction conditions were determined based on our 

previous work.37 The catalyst-free PMS could hardly oxidize BzOH, with the 

conversion lower than 5 % and the BzH yield around 1%. GO showed very limited 

enhancement of BzH yield (5.0 %) while the N doping effectively increased the BzH 

yield to 30.1 % with 86.3 % BzH selectivity, indicating that the N species on graphene 

can serve as active centres to activate PMS.38 The BzH yield was further increased to 

34.9 % over CoNP@NG (6.7 wt.% of Co nanoparticle loading with the average size 

of 2.1 nm), but apparently the reaction rate still needs to be accelerated. The catalytic 

efficiency was significantly promoted when 4.1 wt.% of Co was atomically dispersed 

on NG (SACo@NG) to achieve over 90 % BzOH conversion and BzH selectivity after 

180 min reaction totally exhibiting 84.7 % BzH yield. Notably, the BzH selectivity 

(93.4 %) derived over SACo@NG was close to that of CoNP@NG (92.1 %) but higher 

than NG (86.3 %). Comparing the reaction result of SACo@NG with the reported via 

different catalytic systems (Table 6-2), the reaction efficiency in terms of BzH 

selectivity and yield herein is comparable to the metal-catalyst mediated BzOH 

oxidation by O2. One obvious advantage of SACo@NG application for BzOH 

oxidation requires a much lower reaction temperature than literature (50 vs. 130 ºC).5, 

39 The sole PMS can yield 87 % BzH in homogeneous environment, while extra 

additives are still needed.40 The selectivity of SACo@NG is also higher than radical 

based BzOH oxidation by carbon nanotubes activated PMS (80.1 %),37 suggesting the 

intrinsic oxidation mechanism over SACo@NG may differ from the metal-free 

activated PMS oxidation. Compared with Co NPs, the Co SACs exposed more active 

sites for PMS activation thus the BzOH oxidation rate is greatly enhanced. A lower 

oxidation efficiency was derived from CoPc with 71.2 % BzOH conversion, 73.5 % 
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BzH selectivity and 52.3 % yield, possibly due to its poor electron transfer capability 

and low resistance against the oxidizing acidic environment of PMS activation. 

Besides, the catalytic performance of noble metal catalyst was also tested by 

employing a commercially available Pd@Al2O3 catalyst (1 wt.% of Pd) loaded with 

the similar metal mole amount of SACo@NG. The Pd@Al2O3 could merely afford 

30.4 % conversion and 23.7 % yield, much lower than SACo@NG reflecting the 

extraordinarily high catalytic efficiency of single atom cobalt catalyst. It’s noteworthy 

that in all the performed oxidation tests, no other organic species were detected, 

indicating BzH had not been further oxidized into benzoic acid. It could possibly due 

to the prior reactivity of BzOH towards the oxidant, especially the radicals produced, 

compared with the BzH in the catalytic system.39 

Table 6-1. Selective oxidation of BzOH over different catalysts.a)  

Catalyst BzOH conversion BzH selectivity BzH yield 

Blankb) 4.6 23.5 1.1 

GO 14.3 34.6 5.0 

NG 34.9 86.3 30.1 

CoNP@NG 37.9 92.1 34.9 

SACo@NG  90.6 93.4 84.7 

CoPcc) 71.2 73.5 52.3 

Pd@Al2O3
d) 30.4 77.9 23.7 

a) Reaction conditions: 5 mg catalyst, 0.1 mmol BzOH, 0.16 mmol PMS, 5 mL 

acetonitrile/water (1:1, volume ratio), 50 ºC, 3 h. 

b) Control experiment without catalyst loading. 

c) CoPc (2 mg) was loaded. 

d) 36 mg of Pd@Al2O3 was loaded (the Pd content was 1 wt.%). 

Table 6-2. Comparison of benzyl alcohol oxidation via different reaction systems. 

Catalyst  Oxidant 
T/ 

ºC 
t/h Additive 

BzOH 

conversion/% 

BzH 

selectivity/% 

BzH 

yield/% 
Ref 

Single atom Co@NG O2 130 5 N/A 94.8 N/A 92.4 [5] 

Pd3Pb nanocubes O2 130 1 N/A 91.3 91.0 N/A [39] 
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N/A PMS N/A 3 NaBr N/A N/A 87 [40] 

Carbon nanotubes PMS 50 5 N/A 57.6 80.1 46.2 [37] 

SACo@NG PMS 50 3 N/A 90.6 93.4 84.7 Herein  

The influence of the reaction conditions on SACo@NG catalyzed oxidation was 

explored by varying the PMS dosage, temperature and reaction time. The BzOH 

conversion increased with higher PMS concentration while the BzH selectivity 

decreased (Figure 6-7), revealing that the excess PMS may induce the over-oxidation 

of BzOH directly into inorganic compounds. The peak of BzH yield appeared at the 

PMS/BzOH ratio of 1.6 and then suffered from sharp decrease with further increased 

PMS dosage. The catalytic performance was benignly affected by temperature and 

reaction time. In the range of 35-65 ºC, the BzH selectivity slightly decreased (from 

99.6 to 96.5 %) with increasing temperature, indicating the over-oxidation was 

facilitated by a higher temperature (Figure 6-8). Accordingly, increasing the reaction 

temperature by 30 ºC would cause substantial improvement of BzOH conversion and 

BzH yield by 16 % and 14 %, respectively. Similar trends of conversion and yield 

were observed when increasing the reaction time, whereas the selectivity showed no 

significant change (Figure 6-9). The recycling test of SACo@NG reflected its 

excellent stability after four runs (Figure 6-10), thus the chemically bonded Co atoms 

with N are highly stable free from deactivation. Interestingly, the catalytic 

performance was slightly improved at the second run, which could possibly due to the 

oxidative environment causing the rearrangement of surface functionalities such as C-

O to C=O conversion, since the presence of ketonic C=O is favourable for PMS 

activation. 
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Figure 6-7. The effect of PMS loading on the selective oxidation of BzOH. Reaction 

conditions: 5 mg SACo@NG, 0.1 mmol BzOH, 5 mL acetonitrile/water (1:1, volume 

ratio), 50 ºC, 3 h. 

 

Figure 6-8. The effect of temperature on the selective oxidation of BzOH. Reaction 

conditions: 5 mg SACo@NG, 0.1 mmol BzOH, 0.12 mmol PMS, 5 mL 

acetonitrile/water (1:1, volume ratio), 3 h. 
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Figure 6-9. The effect of reaction time on the selective oxidation of BzOH. Reaction 

conditions: 5 mg SACo@NG, 0.1 mmol BzOH, 0.12 mmol PMS, 5 mL 

acetonitrile/water (1:1, volume ratio), 50 ºC. 

 

Figure 6-10. Recycling and stability test of SACo@NG. Reaction conditions: 5 mg 

SACo@NG, 0.1 mmol BzOH, 0.12 mmol PMS, 5 mL acetonitrile/water (1:1, volume 

ratio), 50 ºC, 3h. 

6.2.3 Mechanism study of BzOH oxidation over SACo@NG by activated PMS 

The reaction pathways for PMS activation and BzOH oxidation were identified by 

conducting a series of quenching tests to clarify the radical and non-radical 

contributions to the oxidation reactions. In regards to the radical-based oxidation 

process, the PMS activation routes with Co are hypothesized to occur via Equations 

(6-1) to (6-5) where the reactive •OH, SO4
•− and SO5

•− radicals are assumed to be 
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generated with PMS activation via the electron transfer among Co2+, Co3+ and PMS.41 

The •OH (1.8-2.7 V) and SO5
•− (1.1 V) radicals can transform into SO4

•− which 

possesses higher redox potential (2.5-3.1 V) and longer half-life period (30-40 μs vs 

•OH 20 ns).34, 42 The redox cycle of Co2+/Co3+ ensures that the Co SACs continuously 

participate in the radical generation without deactivation.  

Co2+ + HSO5
− → Co3+ + •OH + SO4

2−             (6-1) 

Co2+ + HSO5
− → Co3+ + OH− + SO4

•−             (6-2) 

Co3+ + HSO5
− → Co2+ + H+ + SO5

•−              (6-3) 

•OH + SO4
2− ↔ OH− + SO4

•−                    (6-4) 

2SO5
•− → 1O2 + 2SO4

•−                        (6-5) 

 

Figure 6-11. The influences of radical scavengers on the oxidation of BzOH over 

SACo@NG. a) tert-butanol dosage b) ethanol dosage. The scavenger/PMS (mol/mol) 

ratios were 10 and 100, respectively. Full EtOH test was performed by replacing the 
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acetonitrile solvent with ethanol. c) The influence of full EtOH dosage on the oxidation 

of BzOH over NG and CoNP@NG. d) The influence of full EtOH dosage on the 

oxidation of BzH over SACo@NG. Reaction conditions of no quenching tests: 5 mg 

catalyst, 0.1 mmol BzOH (0.1 mmol BzH in (d)), 0.12 mmol PMS, 5 mL 

acetonitrile/water (1:1, volume ratio), 50 ºC, 3 h. 

 To verify these reaction pathways, ethanol (EtOH) and tert-butanol (TBA) were 

employed as the radical scavengers for the following tests. TBA showed a higher 

reaction rate towards •OH (k=(3.8-7.6)×105 M-1s-1) compared with SO4
•− (k=(4.0-

9.1)×105 M-1s-1) while EtOH is effective in scavenging both hydroxyl and sulfate 

radicals.43-44 It can be seen from Figure 6-11 (a) and (b) that the reaction rate of BzOH 

oxidation over SACo@NG decreased with higher dosage of TBA and EtOH, but 

apparently EtOH played a more significant role than TBA. When the scavenger dosage 

was 100-folds to PMS, EtOH and TBA caused 7.3 % and 2.0 % decrease of BzOH 

conversion, respectively. It can be concluded that the sulfate radicals are dominantly 

responsible for BzOH oxidation within the radical process. The quenching effect was 

maximised by replacing the organic acetonitrile solvent with EtOH, in which the 

radical-based BzOH oxidation was almost ceased. There was 45.9 % conversion 

remained in that case compared with 71.0 % without quenching test, roughly reflecting 

that over 60 % out of the total BzOH oxidation on SACo@NG was attributed by 

nonradical-based process. Similarly, the non-radical oxidation over CoNP@NG 

accounts for 62 % of the total BzOH conversion, whereas for NG the non-radical 

process only contributed 23 % (Figure 6-11 (c)). Thus we can infer that the 

incorporation of Co into NG converted the PMS activation for BzOH oxidation from 

radical to non-radical dominated processes.  

Recent mechanistic studies on the non-radical activation of PMS propose two popular 

pathways: the catalyst-mediated electron transfer by surface complexed substrate/PMS, 

and the singlet oxygen (1O2).
45-46 However, there is a great deal of uncertainty for the 

identification of non-radical route because the present characterization protocols are 
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still debatable.47 Singlet oxygen can be created from the above Equation (6-5) or by 

self-decomposition of PMS.48 Therefore, a critical task herein is to clarify whether or 

not 1O2 is related to the selective oxidation of BzOH. The quenching experiments using 

BzH as the substrate instead of BzOH was performed. BzH is readily oxidized in less 

oxidative environment, even in atmosphere the BzH can be gradually oxidized into 

benzoic acid.49 Thus it follows that if the 1O2 is able to induce the non-radical oxidation 

of BzOH, BzH can also be oxidized by 1O2. A higher BzH conversion (88 %) was 

achieved in no-scavenger test compared with the reacted BzOH under similar 

conditions (71 %), agreeing with the highly oxidizable nature of BzH (Figure 6-11 (d)). 

However, only 2.8 % BzH conversion remained after EtOH quenching, indicating that 

BzH was oxidized via radical pathway and 1O2 seldom participated the oxidation. 

Accordingly, we infer that the 1O2 is not involved in the non-radical oxidation of BzOH 

which instead is dominantly related to the surface adsorption and electron transfer 

through the graphene framework. The Co2+ and Co3+ atoms might be the main sites to 

attract PMS and BzOH molecules to form complex configuration, as well as the 

abundant surface N and nucleophilic C=O groups (Figure 6-12) which could 

potentially serve as the adsorption sites. 

 

Figure 6-12. Deconvolution of O 1s XPS spectra of SACo@NG. 
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The proposed mechanism for the selective oxidation of BzOH over SACo@NG is 

further displayed in Figure 6-13. The Co atoms connected with N atoms on NG sheet 

are functioned as the main active sites for both radical and non-radical PMS activation 

for BzOH oxidation. The Co2+ and Co3+ can induce the formation of •OH, SO4
•− and 

SO5
•− radicals via the electron transfer between the Co atom and PMS. The BzOH 

molecules are subsequently attacked by these free radicals to form BzH. On the other 

hand, the PMS and BzOH molecules can be adsorbed on SACo@NG and the direct 

electron transfer from BzOH to PMS occurs via the highly delocalized π electrons 

from the graphene framework. Due to these jointly effects from desirable radical 

production, preferable adsorption and favourable electron transfer brought in by 

SACo@NG, BzOH could be more effectively converted into BzH. 

 

Figure 6-13.  Proposed mechanism of PMS activation and BzOH oxidation over 

SACo@NG 
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6.3 Experimental Section 

Chemicals and Materials. All chemicals purchased from Sigma-Aldrich were used 

without further purifying in this work. Melamine (C3H6N6) was annealed at 500 °C 

(ramp rate, 5 °C min−1) for 2 h in a covered alumina crucible placed inside the muffle 

furnace to get yellowish powder g-C3N4. The powder was used after being finely 

ground. Graphene oxide (GO) was prepared based on the modified thermally reduced 

method reported previously.50 Briefly, the graphite oxide was obtained by Hummers’ 

method, then 1 g graphite oxide was promptly placed into the furnace at 400 oC under 

atmospheric pressure. After annealing for 2 min, the abrupt mass fluffy black powder 

was obtained as graphene oxide precursor. Subsequently, the graphene oxide precursor 

was annealed at 800 oC for 1h under Ar flow of 50 sccm to get GO. The synthesis of 

nitrogen-doped graphene (NG) was performed by firstly mixing g-C3N4 with graphene 

oxide precursor and then annealing the mixture at 800 oC for 1 h under Ar flow of 50 

sccm. Then the annealed powder was activated by excess hydrogen peroxide (H2O2, 

20-60 %) at room temperature for 3 h, then washed and dried at 60 oC overnight. 

The preparation of SACo@NG was as follows. Cobalt (II) acetylacetonate (40 mg) 

was resolved into ethanol solution (50 % acetone, with 20 mg/ml citric acid) and 

sonicated for 1 h. The above solution was added dropwise into the g-C3N4 powder 

(with cobalt content of 0.5 wt.% vs g-C3N4) when grinding. The powder was annealed 

at 665 ºC for 2 h and then grinded for 30 min. The sample was leached in the HCl (2 

mol/L) for 2h at 60 ºC for 5 h, then filtered and washed for 5 times by deionized water. 

The above sample was noted as g-C3N4-Co. The g-C3N4-Co and graphene oxide 

precursor were mixed in the ethanol solution and sonicated for 10 mins. Then the poly 

ethyleneimine (PEI) solution (50 % (w/v) in H2O) and polyvinylpyrrolid (PVP, 

average mol wt. 40000) (with mass ratio=1:1; 50 wt.% in total) were added into above 

solution and continuously sonicated for 1 h and stirred for 2 h. The mixture was further 

dried and ground to fine powder. The prepared sample was annealed at 800 ºC (ramp 
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rate, 10 °C min−1) for 1 h. Then the annealed sample was activated by excess hydrogen 

peroxide at room temperature for 3 h, washed thoroughly with deionized water and 

ethanol and dried at 60 ºC for 24 h.  

As for the CoNP@NG, graphene oxide precursor (70 mg) and PEI (10 mg) were 

ultrasonicated and dispersed in 50 mL ethylene glycol solution for 2 h. Furthermore, 

Co(acac)2 (30 mg) was dispersed into 20 mg ethanol and dropped into above mixture. 

The dispersion was ultrasonicated for 20 min and then stirred for 1 h prior to be placed 

in a microwave oven (1000 W). The microwave treatment process was conducted 

inside the fume cupboard and continuously heated for 5 min and then stirred for 3 h. 

The dark solution was then filtered and washed with ethanol for 5 times. Then the 

above sample was mixed with g-C3N4 with the weight ratio of 1:1 and then annealed 

at 800 ºC for 1 h to obtain the final product. The final Co loading of CoNP@NG was 

6.7 wt.%, investigated by ICP. 

Selective oxidation reaction. A typical process for the selective oxidation of BzOH 

started with adding 5 mg catalyst in 5 mL acetonitrile/water solvent (1:1 volumn ratio) 

in a flask under sonication for several minutes until the catalyst was fully dispersed, 

then 0.1 mmol BzOH and 0.12 mmol oxone were added into the solution to start the 

reaction. The flask was maintained at 50 ºC for 3 h. After the finishing of the reaction, 

the flask was cooled down for approximately 2 min and 0.1 mmol anisole was injected 

into the reactant as an internal standard. Then 0.5 mL reaction mixture was withdrawn 

and the catalyst was filtered out. The organic compounds were fully extracted by 

toluene (1×3 mL), then the collected upper phase was analysed by GC/MS using a 30 

m ×0.25 mm ×0.25 µm HP-5MS capillary column. The effects of reaction conditions 

were investigated by adjusting the relevant parameters (reaction temperature, reaction 

time and PMS dosage) as required. 

Structural characterizations. The microstructure of SACo@NG was conducted by 

SEM (Zeiss Neon 40 EsB) and HRTEM (FEI Titan G2 80-200 TEM/STEM). High-
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resolution aberration-corrected scanning transmission electron microscopy annular 

dark field images (AC-STEM, Nion UltraSTEM100 microscope) was obtained by 

operating at 60 kV at a beam current of 60 pA. ICP-OES was carried out on 

PerkinElmer Optima 7300 DV to determine the mass content of cobalt in SACo@NG. 

XRD was carried out with Bruker D8 Advance diffractometer with Cu Kα (λ = 1.5406 

Å). XPS was collected in Kratos AXIS Ultra DLD system. The nitrogen absorption 

and desorption tests were done on an ASAP 2020 (Micromeritics) to obtain the specific 

surface area. Element loadings of C, N, O and H were obtained by the elemental 

analyser (Elementar, vario MICRO cube) at 950 ºC. The Raman patterns were 

conducted by one alpha300 RA Correlative Raman-AFM Microscope with a 532 nm 

He−Ne laser. NEXAFS spectroscopy measurements were collected at the Soft X-Ray 

beamline of the Australian Synchrotron. All spectra were obtained in partial electron 

yield (TEY) mode. All NEXAFS spectra were treated and normalized using the QANT 

software program developed at the Australian Synchrotron. X-ray absorption 

spectroscopy (XAS) data was collected at the XAS Beamline (12ID) at the Australian 

Synchrotron in Melbourne with the beamline optics employed (Si-coated collimating 

mirror and Rh-coated focusing mirror). The powder samples were mixed with 

cellulose binder then made into pellets by finely mechanical grinding. Both 

fluorescence and transmission spectra were collected based on the concentration of 

cobalt in each sample (the validity of this method was confirmed via comparing the 

fluorescence and transmission spectra intensity for one of the samples based on which 

both methods yielded comparable signal-to-noise data). All XAS data were processed 

with Athena software in Australian Synchrotron. 

6.4 Conclusions 

In summary, we firstly demonstrated the dynamically catalytic effect of single cobalt 

atoms embedded in nitrogen-doped graphene for selective oxidation of BzOH by 

activated peroxymonosulfate. Comprehensive characterizations of the SACo@NG 
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clearly confirm that the Co single atoms are chemically bonded with N atoms to form 

a stabilized configuration within the carbon matrix. The SACo@NG catalyst was 

successfully applied to the selective oxidation of BzOH into BzH by the activation of 

the environmentally benign PMS oxidant and showed superior catalytic performance 

compared to NG and CoNP@NG. More than 90 % of both BzOH conversion and BzH 

selectivity were accomplished over the SACo@NG with excellent cycling stability. 

The incorporated Co atoms function as active sites for PMS activation via both radical 

and non-radical pathways. The redox cycle between Co2+ and Co3+ enables the 

continuous activation of PMS via charge transfer to generate reactive •OH, SO4
•− and 

SO5
•− radicals for BzOH oxidation. Mechanism study verifies that the non-radical 

process contributed over 60 % to the total BzOH oxidation by the surface adsorption 

of PMS/BzOH on SACo@NG followed by electron transfer from BzOH to PMS, 

ruling out the oxidation by singlet oxygen. This work paves a new pathway to 

transferring the organic synthesis into a more sustainable and greener manner via the 

concept of the transition-metal single atom catalysis for PMS activation, which may 

expand to other alcohol selective oxidation systems.  
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Part 2  Atomically dispersed cobalt on graphitic carbon 

nitride as robust catalyst for selective oxidation of 

ethylbenzene by peroxymonosulfate  

6.5 Introduction 

The selective oxidation of abundant and cheap hydrocarbons into the corresponding 

higher-valued compounds, such as alcohols and aldehydes, is of great importance in 

organic synthesis.51-52 Although various catalysts and oxidants have been developed, 

the activation of C-H bond in hydrocarbons still remains one of the most challenging 

reactions.4 The liquid phase oxidative conversion of ethylbenzene (EB) is attracting 

substantial attention to produce acetophenone (AcPO) which is an important 

intermediate for chemical industries.53 The conventional reactions exhibit advanced 

reaction efficiency by adopting stoichiometric oxidants such as permanganate and 

dichromate.54 However, these processes produce a large amount of hazardous waste. 

As an alternative, heterogeneous catalysis with immobilized transition-metal active 

sites and environmentally benign oxidants has been extensively investigated. The 

catalytic efficiency of the reported metal-based catalyst heavily depends on the 

dispersion level and the stability of the metallic active sites. Nevertheless, the 

transition-metal based catalysts usually suffer from severe metal leaching during the 

liquid phase reactions, especially in acidic oxidative environment, which impedes their 

application as robust catalysts. 

Recently, the development of single-atom catalyst (SAC) is one of the most active 

research fields, exhibiting superior efficiency and excellent selectivity in energy-

related or environmental catalysis, far exceeding these of metal nanoparticles 

catalysts.14, 18, 55 In addition, the atomic metal active sites are chemically bonded with 

the supporting materials, thus significantly enhancing the stability under harsh reaction 
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conditions compared with nanoclusters or nanoparticles.56 Tremendous efforts have 

been made to anchor noble-metal or transition-metal single atoms on carbon-based 

materials such as graphene, carbon nanotubes and carbon nitride, since carbo-catalysts 

not only exhibit high resistance to acidic/basic environment but also hold unique 

chemical and electrochemical properties to enhance the electron transfer behaviour to 

accomplish the catalytic reactions.13, 57 Specifically, g-C3N4 is a layered material, 

similar to graphene, which owns a medium band gap and serves as an effective catalyst 

for a broad variety of reactions.58-59 It also possesses advantages including good 

chemical stability and low cost. Furthermore, the rich N environment can provide 

sufficient N atoms to coordinate with metal, allowing g-C3N4 as an excellent 

supporting material for metallic single atoms. Nevertheless, there are still many 

challenges remaining to overcome, for instance, how we can achieve one feasible, 

controllable, low-cost approach for single atom synthesis. The realisation of such an 

approach is highly attractive and will provide new possibilities of potential 

applications for efficient catalysis.60 

Many oxidizing agents including oxygen, ozone, and liquid phase peroxides (i.e. 

hydrogen peroxide, tert-butyl hydroperoxide (TBHP) and halides) are employed as 

terminal oxidants to stimulate the C-H activation in a variety of hydrocarbon oxidative 

reactions.61-66 In case of oxygen, the resultant hydrocarbon conversion is low due to 

the difficulty to activate O2 owing to its triplet ground state structure, which usually 

requires high temperature/pressure or the presence of co-catalysts to assist the 

activation of the inert C-H bonds.53, 67-68 On the other hand, the liquid oxidants and 

ozone are causing a big concern for transportation and storage. Therefore, the 

application of inexpensive and stable solid-phase oxidant is a good strategy to 

overcome the aforementioned disadvantages of gas/liquid oxidants and afford high 

efficiency under benign conditions. Peroxymonosulfate (PMS, HSO5
−) is a cost-

effective oxidant that has been widely applied in the degradation of various 

contaminants in water.69 It is proven that PMS can be activated by a wide range of 

catalysts, including the supported transition-metals such as Mn, Fe and Co, among 
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which Co affords the best catalytic performance.33-34 In most cases, the catalytic 

activation of PMS will lead to the generation of oxidative radicals (•OH, SO4
•− and 

SO5
•−) which play a crucial role in the oxidation of stubborn organic pollutants.42, 70-71 

Despite PMS is receiving extensive attention in environmental remediation, its 

potential application in selective oxidation for fine chemical production is rarely 

explored. 

Herein, we look at the Co-based single atom catalyst anchored on carbon nitride 

support with 3.17 wt.% Co dopant. To the best of our knowledge, for the first time this 

has been applied in the selective oxidation of ethylbenzene into acetophenone by PMS 

activation. The prepared Co SAC exhibited excellent catalytic efficiency as well as 

reusability, achieving over 97 % EB conversion and 95 % AcPO selectivity under 60 

ºC and atmospheric pressure. The strong C-H bonds in EB molecules were activated 

by the generated free radicals. This work opens a new frontier for the fabrication of 

transition metal based single atom catalysts with their facile applications in C-H bond 

activation under mild conditions. 

6.6 Results and discussion 

6.6.1 Characterizations 

Firstly, the structure of the prepared samples was systematically studied. As suggested 

from the XRD results of pure g-C3N4, SACo@g-C3N4 and CoNP@g-C3N4 (Figure 6-

14), the characteristic peaks located at around 13.2 and 27.5 º correspond to the in-

plane structural packing of tri-s-triazine units and the interlayer stacking of aromatic 

systems, which could be indexed to the (100) and (002) planes of hexagonal g-C3N4 

(JCPDS 87-1526), respectively. SEM images (Figure 6-15 (a)) reveal the graphene-

like smooth structure of SACo@g-C3N4 different from g-C3N4 with amorphous 

particle structure shown in Figure 6-16. The inset image confirms the scalable 
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synthesis of SACo@g-C3N4 with the mass of 1.1 g. The mass loading of cobalt was 

obtained through inductively coupled plasma-atomic emission spectroscopy (ICP-

AES) with the value of 3.17 wt.%. Nitrogen adsorption/desorption isotherms were 

conducted to analyse the surface area of pristine g-C3N4, CoNP@g-C3N4 and 

SACo@g-C3N4. These results indicate that there is an obvious increase in the specific 

surface area of SACo@g-C3N4 (211 m2g−1) compared with g-C3N4 (33 mg m2g−1) and 

CoNP@g-C3N4 (28 mg m2g−1) as shown in Figure 6-17. Moreover, the TEM image in 

Figure 6-15 (b) indicates the absence of obvious Co particles on SACo@g-C3N4, 

consistent with the XRD results that only carbon plane peaks are observed in 

SACo@g-C3N4 without the characteristic peaks assigned to Co crystals. Conversely, 

for the XRD of CoNP@g-C3N4, characteristic peaks of Co crystals located at 2θ = 36.6, 

42.5, 61.6 and 73.9º corresponding to (111), (200), (220) and (311) planes appeared 

(Figure 6-14), which fit with the XRD pattern (JCPDS #78-0431). The Co 

nanoparticles are also observed on CoNP@g-C3N4 with high resolution TEM (Figure 

6-18). EDS elemental mapping demonstrates that the C, N and Co elements are 

uniformly distributed throughout the SACo@g-C3N4 (Figure 6-15 (c) and (d)). In 

addition, the HRTEM image (Figure 6-15 (e)) further confirms that no Co 

nanoparticles or clusters exist on SACo@g-C3N4. AC-STEM-annular dark-field 

(ADF) was employed to directly probe the atomic dispersion of individual Co atoms 

randomly dispersed on the g-C3N4 support, benefiting from the higher Z-contrast of 

Co than N and C (Figure 6-15 (f)). The structural investigation of SACo@g-C3N4 

reveals the successful synthesis of single cobalt atoms embedded in g-C3N4. 
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Figure 6-14. XRD patterns of g-C3N4, CoNP@g-C3N4 and SACo@g-C3N4. 

 

Figure 6-15. Characterizations of SACo@g-C3N4. a) SEM image of SACo@g-C3N4, 

inset is the optical image of 1.1 g SACo@g-C3N4. b) TEM image and c) HAADF-

STEM image of SACo@g-C3N4. d) HAADF image and the corresponding EDS 

mappings of SACo@g-C3N4, the scale bar is 100 nm. e) HRTEM image and f) AC-

STEM-annular dark-field (ADF) image of SACo@g-C3N4. 
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Figure 6-16. Characterizations of g-C3N4. a) SEM image; b) TEM image. 

 

Figure 6-17. N2 absorption and desorption curves of g-C3N4, CoNP@g-C3N4 and 

SACo@g-C3N4.The inset image is the magnified curves of g-C3N4 and CoNP@g-C3N4. 
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Figure 6-18. Characterizations of CoNP@g-C3N4. a,b) the SEM images; c,d) the low 

and high resolution TEM images. 

X-ray photoelectron spectroscopy (XPS) was employed to probe the composition and 

status of the relevant elements. In the C 1s spectrum, the two peaks at 284.6 and 287.9 

eV can be assigned to C-C and N-C=N, respectively (Figure 6-19 (b)). The N 1s 

spectrum were fitted into the three peaks of C-N=C (398.6 eV), N-C3(400.0 eV) and 

C-N-H (401.1 eV) (Figure 6-19 (c)). The synchrotron-based near-edge X-ray 

absorption fine structure (NEXAFS) was performed to further investigate the 

interfacial interaction of g-C3N4 and SACo@g-C3N4. In the carbon K-edge NEXAFS 

spectra (Figure 6-20 (a)), both g-C3N4 and SACo@g-C3N4 reveal the presence of 

characteristic resonances of carbon nitride: π *C=C at 286.2 eV, π *C–N–C at 288.1 

eV, and long-range σ *C–C resonance occurring over the range of 292–300 eV.72 In 

the nitrogen K-edge region (Figure 6-20 (b)), g-C3N4 and SACo@g-C3N4 shows two 

typical π* resonances at 399.7 (N1)  and 402.5 eV (N2) corresponding to the aromatic 

C–N–C coordination in one tri-s-triazine heteroring (N1) and the N–3C bridging 
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among three tri-s-triazine moieties (N2).73 The Co 2p spectrum (Figure 6-19 (d)) 

displays that the Co species in SACo@g-C3N4 were composed of Co2+ around 780.6 

eV, which are indexed to the Co−N species instead of metallic Co (0).36 For a better 

investigation of the electronic structure and coordination environment of Co in 

SACo@g-C3N4, X-ray absorption near-edge structure (XANES) was further 

conducted, where the presence of Co K-edge exhibits a similar pre-edge structure with 

that of CoPc (Figure 6-20 (c)). Moreover, the Fourier transforms (FT) obtained from 

the extended X-ray absorption fine structure (EXAFS) clearly indicated that the 

dominant peak of SACo@g-C3N4 was located at approximately 1.50 Å. This 

observation is due to the formation of Co−N bonds which are much shorter than the 

Co−O peak at 1.64 Å in standard Co3O4 and far different from the Co−Co peaks at 

2.18 Å (Figure 6-20 (d)). It is a solid confirmation that the Co species in SACo@g-

C3N4 were atomically dispersed and chemically coordinated in the Co-N bonds. 

 

Figure 6-19. XPS spectra of SACo@g-C3N4. a) whole spectrum b) C 1s c) N 1s and 

d) Co 2p. 
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Figure 6-20.  Chemical structure of SACo@g-C3N4. a, b) Carbon and nitrogen K-

edge NEXAFS spectra of g-C3N4 and SACo@g-C3N4. c) XANES Co-edge and d) 

Fourier transform of the EXAFS spectra of Co3O4, CoPc, Co foil and SACo@ g-C3N4. 

The chemical structures of g-C3N4 and SAAg@g-C3N4 were further investigated 

through the FTIR analysis. Figure 6-21 presents three main absorption regions in the 

FTIR spectra of g-C3N4 and SACo@g-C3N4. The broad peak at 3000–3500 cm−1 is 

assigned to the stretching vibration of N-H and surface water molecules. The peaks at 

1343–1472 cm−1 are ascribed to the characteristic vibration of aromatic rings and the 

peaks at 1640 cm−1 are mainly due to the presence of C-N bonds.74 The characteristic 

peaks over 1200–1700 cm-1 in SACo@g-C3N4 is weakened compared with pure g-

C3N4, possibly due to the presence of amorphous carbon on the surface of SACo@g-

C3N4 derived from decomposition of citric acid,75 consistent with the dark color 

change shown in Figure 6-15 (a). 
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Figure 6-21. FTIR spectrum g-C3N4 and SACo@g-C3N4. 

6.6.2 Catalyst evaluation 

The selective oxidation of EB over different catalysts by PMS was carried out at 60 

ºC, which is lower than most of the reported cases with O2 or liquid peroxide oxidants 

(Table 6-4). The solvent selection and product analysis methodology were determined 

according to our reported work.37 Without catalyst, a very low oxidation efficiency 

was obtained, affording only 10.8% EB conversion and 7.3% AcPO yield after 

reaction of 15 h (Table 6-3, entry 1). Hence the PMS molecules without activation can 

hardly oxidize the strong C-H bond in EB. The loading of Co-free g-C3N4 increased 

the EB conversion up to 27.4 %, which is in accordance with the previous research 

that the plain g-C3N4 have a certain but limited functionality for inducing the PMS 

activation.33, 76 Upon insertion of Co nanoparticles in g-C3N4 (CoNP@g-C3N4), the EB 

conversion was remarkably improved to 90.6% with AcPO selectivity of 88.4% (Table 

6-3, entry 3). However, the CoNP@g-C3N4 was almost completely deactivated after 

the reaction, giving merely 14.4% conversion at the second run. Meanwhile, the Co 

content on the spent CoNP@g-C3N4 dropped to 0.15 wt.% in comparison with 4.50 

wt.% of fresh catalyst as detected by ICP-AES. Meanwhile, Co particles can seldom 

be seen from the SEM/TEM images on used CoNP@g-C3N4 which only had weak Co 
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signal sparsely distributed in the sample as observed by the EDS mappings (Figure 6-

22). It can be inferred that the Co NPs are highly unstable in PMS solvent as the acidity 

of the solution was increased with the proceeding of the oxidation reaction; thus the 

activity of CoNP@g-C3N4 was stemmed from the enhanced homogeneous catalysis as 

result of the gradually leaching Co ions. The SACo@g-C3N4 achieved extraordinary 

oxidation efficiency of 97.5% EB conversion with 95.6% AcPO selectivity and 93.2% 

AcPO yield, dynamically confirming that Co single atoms are active sites for the PMS-

mediated EB oxidation. Moreover, excellent catalytic stability and reusability were 

observed over SACo@g-C3N4 by conducting four recycling tests with each one 

running for 24 h (Figure 6-23 (a)). There is no obvious sign of activity loss within four 

runs and the Co content nearly kept unchanged for SACo@g-C3N4 throughout the 

oxidation process (3.12 wt.% after fourth run vs. 3.17 wt.% of fresh catalyst), 

demonstrating that the Co single atoms are strongly coordinated to the g-C3N4 support 

with adequate resistance against the long-time reaction in this acidic oxidizing solvent. 

It highlights the advantage of SACo@g-C3N4 as a robust catalyst to work in facile 

manners for PMS activation without the requirement of pH control and additional 

buffers. Besides the AcPO formed as the dominant product, a minimal amount of 1-

phenylethanol (1-PA) was also produced during the EB oxidation. The selectivity of 

1-PA was below 1.5% for all the tested catalysts in Table 6-3, which was further 

reduced below 0.2% for the SACo@g-C3N4 catalyzed EB oxidations regardless of 

different conditions such as PMS dosage and reaction time. This suggests that the C-

H bond activation could directly lead to the formation ketone derivates instead of 

following a consecutive reaction route to yield 1-PA and subsequently AcPO. Overall, 

the catalytic performance of SACo@g-C3N4 is comparable to the level of the highest 

EB oxidation efficiency ever reported (Table 6-4). More specifically, this SACo@g-

C3N4/PMS configuration demonstrated superior EB conversion rate and selectivity of 

AcPO in comparison with the reported oxidations using O2,  H2O2 and TBHP as the 

respective oxidant but the current system required much lower reaction temperature 

and shorter time.53, 62-64, 67-68 
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Table 6-3. Selective oxidation of EB on different catalysts.a) 

Entry Catalyst Co (wt.%) 
EB conversion 

(%) 

Selectivity (%) 
AcPO yield 

(%) 
AcPO 1-PA 

1 Blank − 10.8 67.5 0.2 7.3 

2 g-C3N4 − 27.4 69.6 1.5 19.1 

3 CoNP@g-C3N4 4.50 90.6 88.4 0.1 80.1 

4 CoNP@g-C3N4 (used) 0.15 14.4 99.6 0 14.3 

5 SACo@g-C3N4 3.17 97.5 95.6 0.2 93.2 

a) Reaction conditions: 5 mg catalyst, 0.1 mmol EB, 0.5 mmol PMS, 10 mL 

acetonitrile/water (1:1, volume ratio), 60 ºC, 15 h. 

 

Figure 6-22. Characterizations of CoNP@g-C3N4. a) SEM image b) TEM image c,d) 

HAADF image and the corresponding EDS mappings. 
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Figure 6-23.  a) Recycling and stability test on SACo@g-C3N4 (Reaction conditions: 

5 mg catalyst, 0.1 mmol EB, 0.5 mmol PMS, 10 mL acetonitrile 1:1 water, 60 ºC, 24 

h). The effects of reaction conditions on the selective oxidation of EB with SACo@g-

C3N4 (5 mg catalyst, 0.1 mmol EB and 10 mL acetonitrile 1:1 water). b) PMS dosage 

(0.5 mmol PMS, 60 ºC). c) Reaction temperature (0.5 mmol PMS, 15 h). d) Reaction 

time (60 ºC, 15 h). 

Table 6-4. Comparison of ethylbenzene (EB) oxidation via different reaction systems. 

Entry Catalyst Oxidant T (ºC)a 
Time 

(h) 

EB 

conversion 

(%) 

AcPO 

selectivity 

(%) 

Ref 

1 Pd@N-doped carbon O2/1 atm  120 20 14.2 94 [67] 

2 Co@NCNT O2/0.8 MPa 120 5 68.1 93.2 [68] 

3 Carbon nanotube O2/1.5 MPa 155 4 38.2 60.9 [53] 

4 Mn(III) porphyrin H2O2
c RTb 5.5 66 66 [62] 

5 Co-Cu TBHPd 3:1 EB(mol/mol) 120 12 92.8 89.4 [63] 

6 N-porous carbon TBHP 3:1 EB(mol/mol) 100 12 83.5 93.3 [64] 

7 SACo@g-C3N4 PMS 5:1 EB(mol/mol) 60 5 93.9 89.7 Herein 

8 SACo@g-C3N4 PMS 5:1 EB(mol/mol) 60 15 97.5 95.6 Herein 

a Reaction temperature. 
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b Room temperature 

c Aqueous hydrogen peroxide (30% w/w) was diluted in acetonitrile (2:5) and added 

to the reaction mixture in 37.5μl aliquots every 15min for the oxidation of 0.3mmol 

ethylbenzene. 

d Tert-butyl hydroperoxide 

To understand the influence of the oxidant loading, the oxidation efficiency over 

SACo@g-C3N4 as a function of PMS/EB ratio (from 2 to 6) was investigated. As 

shown in Figure 6-23 (b), the conversion and product yield increased rapidly with 

higher PMS dosage. Over 90 % EB was converted at PMS/EB ratio of >4, and the EB 

conversion was >99% when the PMS/EB ratio was 6. Surprisingly, there was no severe 

loss of AcPO selectivity with higher PMS loading, indicating that both the EB and the 

AcPO are not liable to be deeply oxidized in PMS solution. The reaction efficiency is 

also greatly affected by the reaction temperature (Figure 6-23 (c)). Increasing the 

temperature from 30 to 45 ºC contributed to a remarkable elevation of EB conversion 

by 40%, while further increment of temperature to 60 ºC was less effective to enhance 

the oxidation. Therefore, a minor input of energy is necessary to assist the highly 

efficient PMS activation and to overcome the energy barrier of C-H bond activation. 

Furthermore, the continuous oxidation reaction with time was displayed in Figure 6-

23 (d). The conversion reached 89.1% at 3 h, manifesting that the SACo@g-C3N4/PMS 

system enables the C-H activation with high reaction rate. After 3 h of reaction, the 

conversion continued increasing but the reaction rate decreased and finally climbed up 

to 98.8% at 24 h. On the contrary, the AcPO selectivity slightly reduced with reaction 

time, but still showed a high selectivity of 93.9% at 24 h. The oxidation efficiency over 

the SACo@g-C3N4/PMS system at different conditions confirms its excellent catalytic 

performance, showing large potential in selective oxidation reactions. 

6.6.3 Identification of the oxidation mechanism 

Various reactive radicals such as •OH (1.8-2.7 V), SO4
•− (2.5-3.1 V) and SO5

•− (1.1 V) 

can be generated from the PMS activation via electron-transfer between PMS and the 
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Co catalyst.42 As illustrated in Equations (6-1) to (6-5) (in part 1), the continuous 

decomposition of PMS is accomplished with the redox cycle of Co(Ⅱ)/Co(Ⅲ), thereby 

forming free radicals. Sulfate radicals usually have a greater impact on the oxidation 

reaction than other radicals because of its higher redox potential and longer half-life 

period.77 Apart from that, singlet oxygen and non-radical oxidation by catalyst-

mediated electron transfer are also reported as possible pathways for PMS enabled 

oxidation process.45-46, 78 To identify the intrinsic oxidative species responsible for the 

selective conversion of EB, both electron paramagnetic resonance (EPR) and radical 

scavenging tests were performed. It’s suggested from Figure 6-24 (a) that SACo@g-

C3N4 is superior to the metal-free g-C3N4 in generating the •OH radicals. The signals 

of SO4
•− radicals are not very distinct, whereas some ambiguous signals appeared 

between two adjacent signals of •OH radicals. We assume that this phenomenon could 

be attributed to the presence of both DMPO-SO4
•− and DMPOX,79-81 an oxidation 

product of DMPO due to the excessive amount of oxidizing species such as •OH and 

SO4
•−. 
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Figure 6-24.  a) EPR spectra of g-C3N4 and SACo@g-C3N4 catalyzed PMS 

activation in the presence of 5,5-dimethyl-1-pyrroline N-oxide (DMPO). b) The 

influence of TBA and MeOH dosage on the formation of AcPO over SACo@g-C3N4. 

c) Proposed mechanism of SACo@g-C3N4-mediated PMS activation and selective 

conversion of EB. 

The radical scavenging tests by tert-butanol (TBA) and methanol (MeOH) were then 

conducted to evaluate the functions of different radicals in C-H activation. MeOH is 

used as a quencher for both hydroxyl and sulfate radicals owing to the high reactivity 

towards these two radicals, whereas TBA without α-H shows a much weaker 

scavenging effect on SO4
•− than •OH.82 The influence of excess dosage of TBA or 

MeOH on the reaction efficiency over SACo@g-C3N4 catalyzed EB oxidation is 

displayed in Figure 6-24 (b). As expected, the addition of MeOH has a greater effect 

than TBA on suppressing the EB conversion and AcPO formation. Specifically, at 10-

times dose of the quenching agents, 20.1 and 84.8 % AcPO yields were attained for 
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MeOH and TBA loaded experiments, respectively, compared with 93.2 % AcPO yield 

from no-quenching experiment. The AcPO yield decreased to 0 at the MeOH/PMS 

ratio of 100 while 32.9 % AcPO yield remained with the same dosage TBA. It can be 

concluded that the activation of C-H in EB is originated from the oxidative radicals 

and the sulfate radicals paly the dominant role in the C-H oxidation to fabricate AcPO 

with high selectivity, as illustrated in Figure 6-24 (c). Considering the Co atoms in 

SACo@g-C3N4 dominantly exist as Co (Ⅱ), as mentioned above, the SO4
•− radicals are 

readily generated via Equations (6-1) to (6-3). Noteworthy that in some oxidative 

reactions using Co-based catalysts, the oxidation of organic substrate by the Co 

catalyst/PMS system was accomplished via both radical and non-radical processes.83-

84 While in other cases with different organic substrates or supporting materials for Co 

active sites, the oxidation reaction was dominantly attributed to the sulfate radicals.33, 

71 Thus it follows that the intrinsic mechanism for PMS derived oxidation process is 

closely related to not only the catalyst category (especially the interactions of metal 

active centres and different supports) but also the adsorptive properties of the organic 

substrate. 

6.7 Experimental Section 

Synthesis of g-C3N4. The g-C3N4 was synthesized by annealing urea in the air. Firstly, 

urea (CON2H4, 90 g) was put into a covered alumina crucible and placed inside the 

muffle furnace. Then, the temperature was increased up to 600 ºC (ramp rate 10 

ºC/min) and held for 2 h. Finally, around 7 g of g-C3N4 was collected. For safety, the 

annealing process was carried in the fume cardboard to ventilate the produced smoke. 

Before usage, the g-C3N4 was further ground for 20 min to get the uniform yellowish 

powder. 

Synthesis of SACo@g-C3N4. The SACo@g-C3N4 (Co single atom doped g-C3N4) was 

synthesized as follows. Firstly, the citric acid (C6H8O7, 2 g) was added into the mixed 
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solution of isopropanol and acetone (volume ratio of 2:1, 100 ml). After stirring for 10 

min, the transparent solution was obtained followed by the addition of cobalt (II) 

phthalocyanine (CoPc, 100 mg). The violet solution was stirred for 2 h and the fine 

grinded g-C3N4 powder (5 g) was added into the above solution. The mixture was 

stirred and naturally evaporated to 10 mL volume. Then, the whole mixture was 

transferred into an agate mortar and ground to dry powder. The yellow powder was 

heated to 655 ºC at a ramp rate of 7 ºC/min and kept for 2 h under Ar at a flow rate of 

50 mL/min. The obtained black powder was dispersed in excess oxone 

(peroxymonosulfate) solution (20 g/L) and stirred at 50 ºC for 24 h, then thoroughly 

washed and dried at 60 oC overnight. The final black powder was noted as SACo@g-

C3N4. 

Synthesis of CoNP@g-C3N4. Cobalt (II) acetylacetonate (C10H16CoO4, 50 mg) and g-

C3N4 powder (200 mg) was firstly ultrasonicated for 10 min and dispersed in 30 mL 

ethanol then transferred into 100 mL ethylene glycol solution. The dispersion was 

stirred for 1 h before placed in a lab-use microwave oven (1000 W) in the fume 

cupboard and heated for 5 min. The solution was then filtered using the membrane 

film and washed with ethanol for 5 times. The final yellowish powder was dried in the 

oven at 80 ºC for 5 h and was noted as CoNP@g-C3N4. 

Selective oxidation of ethylbenzene. In a typical EB oxidation reaction, 5 mg catalyst 

was added in 10 mL acetonitrile 1:1 water solvent in a three-necked flask and the 

mixture was sonicated for a few minutes to fully disperse the catalyst. The reaction 

started at the addition of 0.1 mmol EB and 0.5 mmol oxone 

(KHSO5·1/2KHSO4·1/2K2SO4) and was maintained at 60 ºC for 15 h in an oil bath. 

Then the flask was naturally cooled down for around 2 min, followed with the addition 

of 0.1 mmol anisole as the internal standard. The catalyst was filtered out and the 

aromatic compounds were extracted from the reactant by toluene for three times (the 

volume usage of toluene 6:1 the reaction solution), and the organic phase was analysed 

by gas chromatography (GC). The reactions performed under other conditions were 
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achieved with the same procedure except that the relevant parameters were adjusted 

as required. The radicals generated during the oxidation reaction were probed by 

electron paramagnetic resonance (EPR) on a Bruker EMS-plus instrument. The EPR 

data were analysed by Xeon software using 5,5-dimethyl-1-pyrroline N-oxide (DMPO, 

0.08 M) as the spin-trapping agent. 

6.8 Conclusions 

In this study, we demonstrated a novel approach to the synthesis of cobalt-based 

catalysts with individually dispersed Co atoms doped on g-C3N4. Joint characterization 

proofs verify that the anchored Co atoms (3.17 wt.%) were coordinated with N species 

to form highly stable Co-N bonds. The maximised utility efficiency of Co and 

outstanding stability of such a robust catalyst can be utilized for the activation of C-H 

bond in EB by PMS, achieving 93.2% yield of AcPO at a low temperature of 60 ºC. 

The selective conversion of EB into AcPO relies on the rapid generation of free 

radicals from activated PMS, along with redox cycle of Co(Ⅱ)/Co(Ⅲ). Sulfate radicals, 

with a higher oxidation potential, plays a more significant role than other radicals to 

activate the inert C-H bonds. This work presented a novel synthesis strategy of Co-

based single-atom catalyst that could be expanded to prepare SACs of other transition-

metals. More importantly, the developed SAC displays a promising efficiency for 

selective oxidation of ethylbenzene to acetophenone by PMS activation, which opens 

a new way for the break-up of C-H bonds in various hydrocarbons for organic 

synthesis. 
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Chapter 7  Conclusions and Recommendations 

7.1 Conclusions 

Liquid phase selective oxidations received continuous attention over the past decades 

and the establishment of green, facile, and highly selective oxidation systems is the 

key objective of recent research. Carbon-based materials are popular supports to 

immobilize metal catalysts. Functionalized nanocarbons with tailored surface 

chemistry and morphology also possess inherent catalytic activity for the activation of 

different oxidants. Peroxymonosulfate (PMS) is a promising oxidant in advanced 

oxidation processes to afford high oxidation efficiency towards organic compounds 

under benign reaction conditions. In this thesis, carbo-catalysts for PMS activation 

have been successfully applied to liquid phase selective oxidation of alcohols and 

hydrocarbons to yield their corresponding aldehyde or ketone products. Using 

modified carbon nanotubes as a benchmark catalyst, the effectiveness of carbon/PMS 

system at optimized conditions for the selective oxidation of benzyl alcohol (BzOH) 

into benzaldehyde (BzH) was tested. Nitrogen-doped graphene and graphene-like 

carbon materials were prepared, which exhibited higher efficiency for the selective 

oxidation of alcohols. Specially designed experiments were performed to identify the 

active sites on these catalysts and to gain a comprehensive understanding of the 

oxidation behaviour during the reaction. The study of graphene and carbon nitride 

catalysts with single cobalt atomic doping was performed to develop highly efficient 

and robust catalysts for the selective oxidations of BzOH and ethylbenzene. This thesis 

opens a new frontier of liquid phase selective oxidations with carbon materials 

activated PMS oxidant via a facile method.  
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7.1.1 Understanding of oxidation behaviour of benzyl alcohol by 

peroxymonosulfate via carbon nanotubes activation 

o The CNTs/PMS system induced free radical generation under the optimised 

conditions can selectively convert BzOH into BzH with over 80% selectivity.  

o The nucleophilic C=O groups on CNTs act as electron donors for the O-O bond 

cleavage in PMS to generate •OH and SO4
•− radicals. 

o The electrophilic oxygen species are consumable active sites to cleave the O-

H bond in PMS and generate SO5
•− radicals. 

7.1.2 Tailoring collaborative N-O functionalities of graphene oxide for enhanced 

selective oxidation of benzyl alcohol  

o Carbonylated N-doped graphene catalysts are prepared with two methods: N-

doping followed with post oxidation treatment; in-situ generation of C=O 

groups during the N-doping by introducing additive salts. 

o BzOH could be selectively oxidized to BzH with NGO activated PMS via both 

non-radical and radical routes, of which the non-radical route delivers higher 

selectivity towards BzH.  

o The electrophilic pyridinic N and nucleophilic carbonyl groups are dual active 

sites for PMS activation.  

o The non-radical oxidation is enabled by mediated electron transfer with 

pyridinic N and carbonyl forming an electron bridge. 

o The unreacted BzOH can quench the over-oxidation of BzH, explaining the 

absence of deep-oxidation by-products in this reaction system. 
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7.1.3 Selective oxidation of alcohols by graphene-like carbon with electrophilic 

oxygen and integrated pyridinic nitrogen active sites 

o Graphene-like carbon can be prepared by pyrolysis of starch with low 

consumption of urea. The synthesis of this catalyst involves no metal catalysts 

or hazardous wastes.  

o Adding nitrate salt into the raw materials during the catalyst preparation 

contributes to the formation of thin-layered graphene with abundant 

electrophilic groups. 

o The prepared catalyst is active in the selective oxidation of aromatic alcohols 

into aldehydes or ketones by activated PMS. Both radical and non-radical 

oxidation processes are observed. 

o Electrophilic oxygen species are dominantly responsible for the radical process 

and the integrated pyridinic N mainly enables the non-radical oxidation. 

However, single pyridinic N cannot activate PMS.  

7.1.4 Cobalt single atom catalysts on carbon supports for highly efficient selective 

oxidations with activated peroxymonosulfate 

o Graphene and carbon nitride are doped with single cobalt atoms to produce 

single atom catalysts of SACo@NG and SACo@g-C3N4. 

o The cobalt atoms are chemically coordinated with N atoms on the carbon 

supports with excellent stability. 

o Benzyl alcohol is selectively oxidized to benzaldehyde via non-radical and 

radical routes over SACo@NG/PMS. 

o 93.2% acetophenone yield is obtained from ethylbenzene oxidation with 

SACo@g-C3N4/PMS via radical pathway. 
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7.2 Recommendations 

This thesis is a pilot study of the catalytic activated PMS in highly selective liquid 

phase oxidation reactions. The exploration of carbo-catalysis/PMS in organic 

synthesis is still at the primitive stage. More work could be performed in future study 

to gain a deeper insight into this research field.  

o More substrates and oxidation types could be tested over the carbo-

catalyst/PMS system, such as the aliphatic alcohols, cycloalkanes and 

epoxidation of olefins.  

o The origin of the radical/non-radical based oxidation mechanisms should be 

clarified. The results in chapter 3 suggests that the oxidation of BzOH on CNTs 

activated PMS is radical-based process, but non-radical dominated oxidative 

degradation of contaminants has been reported on CNTs activated PMS by 

previous research. A comparative study could be carried out to unveil the 

impact of different CNTs on the radical/non-radical oxidation. 

o This thesis mainly focused on CNTs and graphene-based materials. Other 

metal-free catalysts could be explored, such as nanodiamonds, porous carbon, 

and carbon-doped BN nanosheets. 

o Another solid peroxide, peroxydisulfate (PDS) cheaper than PMS could be 

explored for selective oxidation reactions. Experiments should be conducted to 

determine the suitable reaction method of PDS activation to attain optimised 

efficiency in selective oxidation reactions.  

o More specific identifications of the oxidizing species could be performed in the 

future to better understand the mechanism. The oxidation routes are roughly 

divided into radical and non-radical categories in this thesis. Other oxidizing 

species, such as peroxide radicals and singlet oxygen, are frequently reported 

during the activation of PMS. Sufficient experimental proofs should be 
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provided to determine their roles in selective conversion of organic chemicals 

in future research. 

o The highly efficient single-atom catalysts could be further explored in selective 

oxidations using oxygen gas as the oxidant. 

o Future work could be carried out to avoid the disadvantages of the materials in 

this thesis. The metal-free carbon materials could be produced in a greener 

process and exhibit higher activity and stability. The single atom catalysts 

could employ less toxic metals such as Mn and Fe instead of Co. 
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